
Based on t h i s  survey, which was planned t o  inc lude a l l  t h e  

geographlical areas known t o  have r e  a t i v e l y  s t r i n g e n t  regu la t ions ,  i t  

was concluded t h a t  no i n s t a l l e d  eng nes were c u r r r e n t l y  subjected t o  any 

emission l i m i t a t i o n s  o ther  than f o r  v i s i b l e  emissions. The o n l y  except ion 

was tlhe 140 l b / h r  r u l e  f o r  NOx from new engines i n  Southern C a l i f o r n i a  

(see Sect ion 2 . 2 ) .  

meet t h i s  regu la t i on ,  and s ince  no l a rge r  engines are known t o  have been 

i n s t a l l e i d  i n  t h a t  area recen t l y ,  t h a t  r u l e  d i d  not  lead us t o  any examples 

o f  f i e l d - i n s t a l l e d  c o n t r o l l e d  engines. 

c o n t r o l  technology was t o  be based upon publ ished emission data and data 

obta ined from engine manufacturers.  

Since most uncon t ro l l ed  engines under 4000 hp can 

Therefore, t h e  eva lua t ion  o f  

Since no i n s t a l l e d  engines were found which could be c i t e d  as 

examples o f  u n i t s  w i t h  "best l l  con t ro l s ,  no emission t e s t s  were conducted. 

However, a San Jose, C a l i f o r n i a  sewage p l a n t  (San Jose Water P o l l u t i o n  

Cont ro l  P l a n t )  was v i s i t e d  t o  g i ve  a b e t t e r  understanding o f  the  opera t iona l  

f l e x i b i l i i t i e s  ava i l ab le  t o  users o f  large-bore engines,(4) This  p l a n t  

had s i x  gas engines and s i x  dua l - fue l  u n i t s .  

The d i r e c t  contacts  were supplemented by v i s i t s  t o  the manufacturers 

l i s t e d  i n  Table A-2. 

concerning t h e  s ta tus  o f  t h e i r  R&D e f f o r t s  i n  emission reduct ions,  t h e i r  

exper ience w i t h  t h e  commonly proposed c o n t r o l  technologies,  t h e i r  est imates 

of t he  cos t  and t ime requ i red  t o  incorpora te  such c o n t r o l s  on t h e i r  engines, 

and t h e  importance o f  t h e  s t a t i o n a r y  market p lace  i n  t h e i r  t o t a l  sales.  

The group meetings t h a t  were he ld  w i t h  representa t ives  o f  engine 

The purpose of  these v i s i t s  was t o  o b t a i n  more i n fo rma t ion  

manufacturer 's  assoc ia t ions  a re  l i s t e d  i n  Table A-3. 

meetings served t o  in fo rm these representa t ives  o f  t h e  purpose o f  performance 

standards f o r  new sources, t h e  process of  developing a standard, i n c l u d i n g  

I n  general ,  t h e  
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i n fo rma l  and formal  o p p o r t u n i t i e s  f o r  i n p u t  f rom a l l  i n t e r e s t e d  p a r t i e s ,  

and the reasons f o r  cons ider ing t h a t  s t a t i o n a r y  engines should be regu la ted  

by performance standards. 

of a general nature,  such as data on the e f f e c t s  o f  v a r i a b l e  ambient condi-  

t i o n s  (temperature, humidi ty,  e t c . )  on emissions, appropr ia te t e s t  cyc les 

I -  

The meetings were a lso used t o  request i n fo rma t ion  

(based on t h e i r  knowledge of engine usage p a t t e r n s )  p o s s i b l e  engine opera t i ng  

parameters t h a t  are known t o  be d i r e c t l y  and un ique ly  r e l a t e d  t o  emission 

l e v e l s  and could be used i n  l i e u  o f  emission t e s t i n g  f o r  compliance moni tor -  

ing .  As i s  also shown i n  Table A-3, rep resen ta t i ves  o f  three i n d u s t r y  

organizat ions met w i t h  EPA and commented on the d r a f t  SSEIS  a f t e r  it was 

presented a t  t h e  March 1976 NAPCTAC meeting i n  Washington, D.C. 

Several meetings were h e l d  between Acurex/Aerotherm and EPA s t a f f  

d u r i n g  the development of t h e  d r a f t  document. 

two p u b l i c  meetings were he ld  t o  discuss t h e  proposed standards, one before 

the  NAPCTAC committee and the  o t h e r  w i t h  t h e  engine manufacturers. 

a r e  l i s t e d  i n  Table A-4 along w i t h  a b r i e f  d e s c r i p t i o n  o f  t h e  purpose, con- 

c lus ion ,  and any r e d i r e c t i o n s .  

I n  the  f i r s t  h a l f  o f  1978, 

These 

I n  e a r l y  1978, Acurex was assigned t h e  r e s p o n s i b i l i t y  f o r  w r i t i n g  the 

r a t i o n a l e  chapter o f  t h e  SSEIS,  t h e  preamble t o  t h e  standard, and the  regu la -  
- 

t i o n  i t s e l f .  I n  add i t i on ,  Acurex was a l s o  assigned r e s p o n s i b i l i t y  f o r  es- 

tab1 i s h i n g  mon i to r i ng  and emission t e s t i n g  procedures. This  work was per-  

formed w i t h  t h e  advice and rev iew o f  EPA/OAQPS. 

Review o f  t h e  o r i g i n a l  d r a f t  Standards Support Document and Env i ron -  

mental Impact Statement by t h e  I n d u s t r i a l  Studies Branch, Emission Standards 

and Engineer ing D i v i s i o n ,  OAQPS was completed on December 20, 1975, and 

t h e  f i n a l  d r a f t  was forwarded t o  t h e  I n d u s t r i a l  Studies Branch by Acurex/ 

Aerotherm on March 17, 1976. The r e v i s e d  d r a f t  SSEIS was reviewed by the  

A-8 



Standards Development Branch, Emission Standards and Engineering Division, 

OAQPS by March 1978 and a f i n a l  SSEIS was forwarded t o  the Standards 

Development Branch by Acurex/Aerotherm i n  J u l y  1978. 

A-9 



LCI e 
4 

Y 

i/j 

n 
U 
0 w 

c 

Lx s 

A-1 O 



A-1 I 



I N 

c 

I I I 

U 
al VI VI 
3 
U VI 

U 
.c 

i 
1 

-1 

A-1 2 



h 
h 
\ 
0 

.I cn c 

A-1 3 



- 

v) c 
0 
4J 
.C 

5 e 
VI c 
0 
VI 

W 
E 
0 u 

.C 

a 
7 

aJ 
VI 
0 

L 
n 
a n 

- 

m 
c, m 
f 
0 
U 

W c, 
m 
0 

- 

01 m- .s $4 
o m  
8 2  
~n 

W 
h 
\ 
0 
m 
I 
ol 
N 
\ cn 

,_,--- - 

_ -  

A-1 4 



REFERENCES FOB APPENDIX A 

( 1 )  D iese l  and Gas Turb ine Worldwide Catalog. D iese l  and Gas Turb ine  
Progress. Milwaukee, Wisconsin. - 39. 1974. 

(2) IulcGowin, C. G a t  S t a t i o n a r y  I n t e r n a l  Cunbustion Engines i n  t h e  U n i t e d  
States.  EPA-R2-73-210. Apr i  1 1973, 

( 3 )  Roessler, W. V , ,  A, Muraszew, and R ,  0. Kopa. Assessment o f  t h e  A p p l i -  
c a b f l l t y  o f  Automotive Emission Cont ro l  Technology t o  S t a t i o n a r y  Engines, 
EPAi-650/2-74-051n J u l y  1974, 

( 4 )  Clffen, G. R .  (Acurex/Aerotherm). Trip Report, San Jose Water P o l l u t i o n  
Con t ro l  P lan t ,  
June 5, 1975. 

( I n t e r o f f i c e  Memorandun t o  F. E. Moreno, Acurex/Aerotherm) 



APPENDIX B 

Agency Gui de l  i nes f o r  Prepar i  ng 
Regulatory Ac t i on  Environmental - I m n c t  Statements (39 FR 374192 

1. Background and Desc r ip t i on  o f  
Proposed Ac t i on  

Summary o f  Proposed Standards 

S t a t u t o r y  Basis f o r  t h e  Standard 

Faci 1 i ty  A f fec ted  

Process A f fec ted  

Avai l a b i  1 i t y  o f  Cont ro l  

E x i s t i n g  Regulat ions a t  S ta te  . 
air Local Level 

2. A l t e r n a t i v e s  t o  t h e  Proposed 
Ac t i on  

Environmental Impacts 

cos ts  

Locat ion  Wi th in  the  Standards 
Support and Environmental 

Impact Statement 

The standards are  summarized i n  
Chapter 1. 

The s t a t u t o r y  bas is  f o r  t h e  standard 
i s  g iven . in Chapter 2, 

A d e s c r i p t i o n  o f  t h e  f a c i l i t y  t o  be 
a f fec ted  i s  g iven  i n  Chapter 3. 

A d e s c r i p t i o n  o f  t h e  process t o  be 
a f fec ted  i s  g iven  i n  Chapter 3. 

I n fo rma t ion  on t h e  avai l a b i  1 i ty  o f  
c o n t r o l  technology i s  given i n  
Chapter 4. 

A d iscuss ion  o f  e x i s t i n g  regu la t i ons  
on t h e  i n d u s t r y  t o  be a f f e c t e d  by 
t h e  standard i s  inc luded i n  Chapter 3, 
Sec t ion  2.3, 

Environmental e f f e c t s  o f  de lay ing  
the  standards a re  discussed i n  
Chapter 7, Sect ion  6. 

The costs o f  a l t e r n a t i v e  c o n t r o l  
techniques a re  discussed i n  Chapter 
8, Sect ions 2,  3, and 4. 
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Agency Guidelines f o r  Preparing 
Regulatory Action Environmental 
Impact Statements  (39 FR 37419) 

3, Environmental Impact of 
Proposed Action 

Ai r Pol 1 uti on 

Water Po l lu t ion  

Sol i d  Waste Disposal 

Energy 

Other 

Location Within The Standards 
Support  and Environmental 

Impact Statement  

The  air  p o l l u t i o n  impact of  the 
s t anda rds  i s  cons idered  i n  Chapter 7,  
Sec t ion  1. 

The water  p o l l u t i o n  impact o f  the 
s t anda rds  is  discussed i n  Chapter 7 ,  
Sec t ion  2. 

The s o l i d  waste d i sposa l  impact of 
the s t anda rds  i s  discussed i n  
Chapter 7 ,  Sec t ion  3, 

The energy impact o f  the s tandards  
i s  considered i n  Chapter 7 ,  
Sec t ion  4. 

- 

The  environmental  impacts re1 a t e d  
t o  no i se  and thermal p o l l u t i o n  
a r e  discussed i n  Chapter 7 ,  
Sec t ion  5. 
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APPENDIX C 

EMISSION SOURCE TEST DATA 

C . 1  DATA 

T h i s  appendix tabu la tes  a l l  the q u a n t i t a t i v e  emission data t h a t  were 

ob ta ined  f o r  large-bore engines d u r i n g  the  p repara t i on  o f  t h e  Standard Support 

and Environmental Impact Statement. These data i nc lude  emission and f u e l  

consumption r a t e s  f o r  both basel ine and c o n t r o l l e d  cond i t i ons .  

s t a t i o n a r y  r e c i p r o c a t i n g  engines are known t o  e x i s t  i n  f i e l d  i n s t a l l a t i o n s ,  

a l l  the data were obta ined fran engine manufacturers, who r e p o r t e d  on t h e  

r e s u l t s  of experiments i n  t h e i r  l a b o r a t o r i e s .  

been1 made pub l i c ,  b u t  i n  most instances t h e y  were rece ived  d i r e c t l y  fran t h e  

man u f  act  u r  er  as a pr i vate communi cat  i on. 

Since no c o n t r o l l e d  

I n  sane cases, these data have 

Large s t a t i o n a r y  engines are expensive t o  purchase and operate,  

aiid c o n t r o l l i n g  t h e i r  m i s s i o n s  has not p r e v i o u s l y  rece ived  h igh  p r i o r i t y .  

For these reasons, v i r t u a l l y  no goverrment, ccmmercial (o the r  than manufacturers), 

or u n i v e r s i t y  t e s t  labs have obta ined one o r  r e p o r t e d  on p o s s i b l e  emission r e d u c t i o n  

technologi  es t h a t  m i  ght app ly  t o  c u r r e n t l y  produced engines. - 
Southwest Research I n s t i t u t e  has a two-cy1 inder vers ion o f  an Elect romot ive 

D i v i s i o n  (EMD) l o c u n o t i v e  engine which t h e y  have used f o r  emission c o n t r o l  

However, 

- '/'Recently a t t a i n e d  improvement i n  thermal e f f i c i e n c y  by opera t i on  a t  
increased pressure and temperature precludes t h e  use o f  emissions data from 
ol der engi nes. 

c- 1 



i nves t?  gat1 oris (1 ) .  Th i  s engi ne i s no 1 onger be ing produced by EMD, a1 though 

i t  represents  most of t he  c u r r e n t  l ocano t i ve  engine popu la t ion .  According 

t o  data supp l ied  by EMD, t h i s  model 's  successor has h igher  base l ine  NOx emissions 

(14.7 g/hp-hr f o r  t h e  newer model compared t o  9 .1  g/hp-hr f o r  t h e  o lde r  two- 

cy1 inder  vers ion  at  r a t e d  condi ti ons) and 1 m e r  t o t a l  hydrocarbon emi ss i  ons 

(0.49 g/hp-hr compared t o  0.92 g/hp-hr) .  These d i f f e rences  are cons is ten t  

w i t h  the  increased e f f i c i e n c y  o f  the engine. New EMD data (Engines 17, 18 

and 19)  showed t h e  sane t rends w i t h  the  a p p l i c a t i o n  o f  con t ro l s  t h a t  t h e  S w R I  

engine data did; consequently, ScllRI's r e s u l t s  are no t  i nc luded  here. 

The data i n c l u d e  engines which are c u r r e n t l y  marketed f o r  s t a t i o n a r y  

a p p l i c a t i o n  and a l s o  several  u n i t s  used i n  mob i l e  and mar ine app l i ca t i ons .  

However, data f rom i n s t a l l e d  engines were excluded because these o lder  u n i t s  

are no t  the same as those new u n i t s  t h a t  would have t o  meet any p r m u l g a t e d  

standards.  

NOx emissions were measured us ing one o f  the f o u r  procedures and 

severa l  k inds of NOx analyzers.  These procedures and ins t runen ts  are 

i d e n t i f i e d  and discussed i n  Sec t ion  4.2 f o r  each large-bore engine 

manufacturer t h a t  repo r ted  emissions data. 

e i  ther  a nondi spers i  ve analyzer or a chemi 1 umi nescent i n s t r m e n t  w i t h  a thermal 

r e a c t o r  t o  convert  t h e  NO2 t o  NO. Resul ts  were repo r ted  as grans NO20 

NOX emissions were measured by 

Nondispersive i n f r a r e d  analyzers (NDIR) were used t o  measure t h e  CO 

concentrat ions.  

n e g l i g i b l e .  

t h e  C02 and a pa rmagne t i c  analyzer f o r  t h e  oxygen. 

genera l l y  sampled t o  check the  o the r  measurements or t o  c a l c u l a t e  t o t a l  

exhaust f l o w r a t e  if t h e  i n l e t  a i r  f l o w r a t e  i n t o  t h e  engine was no t  measured. 

Since the  exhaust was Ifdry,'' i n t e r f e r e n c e  due t o  water  was 

When co2 and oxygen were measured, an N D I R  analyzer was used f o r  

These cons t i t uen ts  were 

c-2 



Total hydrocarbon emissions were measured i n  a heated f l m e  ionization 

detector (FID). The tubing and FID were maintained a t  3750F t o  prevent 

condensation, and hence, removal of any of the heavier hydrocarbons. 

Thwefore, these measurements were made on a "wet" basis because the water 

had not been removed. The resul ts  were corrected for  the water content t o  

make t h e m  correspond w i t h  the  NOx and CO data. Since the exhaust f r m  gas 

engines does not contain these easi ly  condensible heavy hydrocarbons, the 

l ines and FID were not heated i n  sune t e s t s  on gas engines. 

these to ta l  hydrocarbon measurements, a few manufacturers measured the 

normethane emissions frun gas and dual-fuel engines. Their methods and 

resu l t s  are discussed i n  Appendix C.4. 

In addition t o  

Four engine manufacturers (Colt, Cooper, DeLaval, and  White Superior) , 
who are members of the Diesel Engine Manufacturers Association (DEN), 

measured emissions data according t o  the measurement procedure published by 

DEfN(2). Although the DEN methodology suggests that a three-mode cycle be 

wsed for engines that will be used at constant speed (essent ia l ly  a l l  

sti3tionary applications) and.a six-mode cycle for units that will see 

variable speed duty (marine and locunotive), most of the resul ts  reported 

here were collected prior t o  the f ina l  publication of the DEN procedures. 

Hence, emissions were usually measured only at rated load and speed. However, 

sane engines were also tes ted a t  selected part load and speed points. These 

additional data poin ts  appear on the fo l lowing  tables  (see Tables C - 1  through 

C-82) as derated operating points or as variations i n  the engine operating 

speed. 

Several o f  the engines (Engine Nos. 30 through 33) a t  the low 

hoi*sepower end of the large engine category were tested according to  the 

c - 3  



Cal if orni a 13-mode cycle. However, only the emi s s i  ons at rated condi t i  ons 

were used here since the 13-mode autanotive cycle does not represent 

s ta t ionary engine usage, and  no relationship was f o u n d  between emission rates  

based on the average of t he  California 13-mode cycle and those at rated 

condi t i  ons 
The data were submitted i n  e i ther  tabular or graphical form. I n  

the l a t t e r  case the data points were clear ly  marked and could be converted 

readily t o  the tabular format  f o r  inclusion i n  this appendix. Other 

operational data were either supplied by the manufacturer or obtained from 

product infomation l i t e ra ture .  Fuel consunption values i n  a l l  cases are 

specif ic  t o  the t e s t  that  measured the emissions and are  not from general 

product specifications.  

Fuel consumption was generally reported i n  terms of lb /hp-hr  fo r  

diesels and Btu/hp-hr  for  gas and dual-fuel engines, 

hr was accomplished using a lower heating value of 18,320 B t u / l b  for diesel 

fuel and a units conversion of 0,252 kcal/Btu. All data presented in  this  

document on emissions from diesel and dual-fuel engines are based on operation 

w i t h  No. 2 d i s t i l l a t e  (diesel o i l ) ,  

Conversion to  kcal/hp- 

I n  several cases, a number of tes t s  were performed on the same engine, 

and consequently an uncontrolled value was reported for each control 

technique. I n  a l l  cases the uncontrolled level precedes any controlled data 

reported for a particular t e s t ,  In the tabulations which follows, a separate 

tab le  i s  used for  each engine, and the d a t a  are printed i n  nunerical order 

based on engine code nmber. These data 

These references are noted on the tables 

has requested anonymity. 

cane from References 1 through 22. 

except where an engine manufacturer 
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C . 2  REVIEW OF AMBIENT CORRECTION FACTORS FOR APPLICATION TO LARGE-BORE 
ENGINE NOx DATA 

Ambient c o r r e c t i o n  f a c t o r s  have been developed f o r  automobile- and 

t r u c k - s i z e  gasol ine spark i g n i t i o n  (SI) and compression i g n i t i o n  (CI )  

engines (23) . 
e x i s t i n g  SI f a c t o r s  t o  n a t u r a l  gas engines (C.2.1) and t h e  e x i s t i n g  C I  

f a c t o r s  t o  large-bore d iese l  and dua l - fue l  engines (C.2.2). 

t u r b i n e  ambient c o r r e c t i o n  f a c t o r s  w i  11 be examined f o r  appl i c a t i o n  t o  

large-bore engine emissions (C.2.3). 

s a t i s f a c t o r y  ambient temperature c o r r e c t i o n  f a c t o r  has been developed f o r  any 

The f o l  1 owi ng s e c t i  ons w i  1 1 discuss the appl i ca t  i on o f  the 

I n  addi t ion,  gas 

As these sect ions w i l l  i l l u s t r a t e ,  no 

dered 

C.2.4 

ons i n  

s i z e  o f  SI i n t e r n a l  combustion engines, and o n l y  one s tudy has cons 

ambient temperature co r rec t i ons  f o r  C I  engines. Therefore, Sect ion 

w i l l  d iscuss an a n a l y t i c a l  approach t o  c o r r e c t  emissions f o r  v a r i a t  

ambient temperature. 

C.2.1 Ambient Cor rec t i on  Fac to rs  Developed f o r  S I  Engines 

A survey o f  t h e  l i t e r a t u r e  showed t h a t  c o r r e c t i o n  f a c t o r s  f o r  
. gaso l i ne - fue led  engines have been developed o n l y  f o r  ambient hum d i t y  

v a r i a t i o n s ( 2 4 ) .  One o f  t h e  s tud ies  a lso evaluated t h e  e f f e c t  o f  ambient 

temperature and barometr ic  pressure v a r i a t i o n s  on exhaust emissions, b u t  

found t h a t  engi ne-to-engi ne v a r i  a t i  ons were too great  t o  general i z e  a 

c o r r e c t i o n  f a c t o r  f o r  e i t h e r  temperature o r  pressure(25).  These s tud ies  

w i l l  be b r i e f l y  discussed i n  t h e  f o l l o w i n g  paragraphs, and then t h e  ambient 

humid i t y  c o r r e c t i o n  f a c t o r s  w i l l  be compared and evaluated f o r  a p p l i c a t i o n  t o  

t h e  large-bore n a t u r a l  gas-fueled engines i n  t h i s  study. 

The Automobi 1 e Manufacturer 's Associ a t  i on contracted w i t h  the E t h y l  

Corporat ion t o  conduct a study on t h e  e f f e c t  o f  ambient a i r  humidi ty,  

temperature, and pressure on heavy-duty (HD) gaso l i ne  engines(26).  The 

C-88 



resul ts  o f  th i s  study fo r  the effect  of humidity la te r  became the correction 

factor designated in the Federal Register f o r  HD gasoline engines(27). 

This correction factor was derived from emission measurements conducted 

on seven engines in accordance with the Gasoline-Fueled, Heavy-Duty Engine 

proce~dures in the 1970 Federal Register. The test engines were installed 

in an engine dynamometer test cell  where humidity, temperature, and pressure 

were varied. The engines tested were gasoline-fueled, spark-ignited, carbureted, 

heavy-duty truck engines ranging in s ize  from 38 t o  75 CID per cylinder. 

The compression rat ios  varied from 7 t o  9.4, and air-to-fuel ratios varied 

from 1.4.4 t o  15.7. The  objective of the study was to  develop factors t o  adjust 

composite mass emissions t o  a s tandard condition of 75 grains H20Plb d ry  a i r ,  

9OOF i n l e t  a i r  temperature, and a baranetric pressure o f  29.92 inches of mercury, 

Figure C-1(28) i l l u s t r a t e s  the effect  of humidity on both A/F r a t i o  

and NOx emissions (Federal nine-mode composite cycle).  As t h i s  f igure 

i l l u s t r a t e s ,  a reasonably good correlation was established between changes i n  

ambtent humidity and NOx emissions. 

essent ia l ly  constact or decrease s l igh t ly  with increasing in le t  a i r  humidity. 

The composite cycle ambient correction factor  was of the form 

Note also t h a t  A/F ra t ios  are 

where 

K = 0.634 + 0.00654(H) - 0.0000222(H)2 

NOx corrected = (K) NOx observed 

H = specific humidity, g ra  

Figures C-2(29) and C-3(30) i l l u s t r a t e  the 

on A/F and NOx emissions for these same engines. 

ns H20/1b dry a i r  

effect  of temperature and pressure 

Obviously, engine-to-engine 

vari (ations were too,great t o  generalize a correction factor  fo r  e i ther  temperature 

o r  bnrornetri c pressure. 
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Both  physical reasoning and these resul ts  indicate t h a t  changes i n  

ambient temperature and pressure affect  the A/F r a t io  more than do changes in 

humidity. Moreover, i t  is well known that the effect  of A/F r a t i o  variations 

on NO, emissions depends on the engine operating point on the NO, vs. A/F 

curve (see Figure C-4)(31). For example, a decrease i n  A/F ra t io  fo r  an 

engine operating a t  A i n  Figure C-4 would resul t  i n  a decrease in NO, 

missions,  whereas a decrease in A/F r a t io  for an engine a t  C would cause an 

i nlcrease i n NO, emi ssi  ons . The author concluded, therefore, t h a t  engi nes 

operating a t  different A/F ra t ios  with different metering characteristics 

should exhi b i t  varying (possibly contradictory) effects  on exhaust emissions 

for  similar changes i n  in le t  a i r  conditions. 

The author also indicated that changes i n  i n l e t  a i r  conditions could 

affect  fuel distribution t o  the engine, and t h i s  i n  turn affects NO, 

emiissions. This effect  is i l lus t ra ted  i n  Figure C-5(32). In addition, 

changes i n  in le t  a i r  conditions which change the engine A/F r a t io  also change 

the minimum spark advance for best torque ( m b t ) .  Figure C-6(33) i l l u s t r a t e s  

howl NO, emissions vary w i t h  A/F for the mbt se t t ing and other sett ings 

retarded from mbt.  Since sane of the engines i n  t h a t  study had no vacuum 

advances, they experienced, i n  e f fec t ,  retarded mbt sett ings as the i r  A/F 

ra t io  changed. T h u s ,  the i r  emissions would respond different ly  t o  A/F changes 

than engines w i t h  vacuum advances. 

correction factor  for  ambient temperature and pressure was not possible, although 

variations i n  these parameters affected emissions significantly.  

Therefore, the developnent of a general 

In two other studies, ambient humidity corrections were developed from 

, L.D gasoline vehicles(34935). In the f i r s t  study, correction factor was 

derived frun emission tes t s  a t  76°F and a t  four ambient humidities on a f l e e t  

alf eight passenger cars operated on a chassis dynamometer se t  t o  simulate 
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der i ved  from emission t e s t s  a t  76OF and a t  f o u r  ambient hum' id i t ies on a f l e e t  

o f  e i g h t  passenger cars operated on a chassis dynamometer s e t  t o  s imulate 

seven d i f f e r e n t ,  road loads o f  the Federal  seven-mode composite c y c l e  f o r  LD 

vehi c l  es. These passenger cars were powered by gasol i ne-f  ueled, spar k- 

i g n i t e d ,  carbureted engines ranging i n  s i z e  f rom 42 t o  59 C I D  per c y l i n d e r .  

The compression r a t i o s  va r ied  from 8.5 t o  10.5, and a i r - t o - f u e l  r a t i o s  f rom 

14.6 t o  16.4. 

Correct ions f o r  ambient humid i t y  were der ived f o r  both composite 

c y c l e  and constant load. 

considered more a p p l i c a b l e  t o  large-bore carbureted S I  engines which t y p i c a l l y  

operate a t  a constant l oad  ( n e a r l y  r a t e d  load) .  

The Federal  Test Cycle constant l oad  f a c t o r  i s  

These f a c t o r s  are 

K = 0.796 + 0.175(H/100) + 0.129(H/100}2 
composite f a c t o r  (C-2a) 

K = 0.844 + 0.151(H/100) + 0.075(H/100)2 
constant load, 50 mph (C-2b) 

The r e s u l t s  o f  t h i s  s tudy were adopted by C a l i f o r n i a  t o  c o r r e c t  emissions f o r  

ambient humid i t y  f o r  gasol ine-powered vehic les under 6000 pounds (36).  

I n  t h e  second study, a s i m i l a r  t e s t  program on gasol ine vehic les was 

conducted t o  devel op an ambient humid i t y  c o r r e c t i o n  f a c t o r  t h a t  was adopted 

by EPA t o  c o r r e c t  LO gasol ine v e h c i l e ~ ( 3 ~ 3 3 8 ) .  Th i s  f a c t o r  i s  

K = 1 / ( 1  - 0.0047(H - 75))  (c-3) 

I n  y e t  another study, an ambient c o r r e c t i o n  f a c t o r  f o r  humid i t y  was 

devel oped f o r  typi cal .  research engines where A/F and mbt s e t t i  ngs were he1 d 

constant (39) .  

NO, emissions as i l l u s t r a t e d  i n  F i g u r e  C-7(40). 

The author o f  t h i s  s tudy a lso noted t h e  e f f e c t  o f  A/F r a t i o  on 

Based on t h i s  f i g u r e , '  
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Krause(41) reasoned t h a t  composite c o r r e c t i o n  f a c t o r s  would vary from 

constant l oad  f a c t o r s  s ince NOx emissions vs. humid i t y  curves changed w i t h  

A/F r a t i o ,  

der ived i n  t h i s  s tudy i s  probably  l ess  a p p l i c a b l e  t o  large-bore engines than  

those der ived f o r  gasol ine vehic les,  s ince i n  p r a c t i c e  A/F r a t i o s  and spark 

s e t t i n g s  o f  large-bore engines are not  necessa r i l y  he ld  constant as t h e y  were 

i n  t h i s  study (e.g., spark t i m i n g  i s  f i x e d  as l oad  changes f o r  some engines, 

and var ies w i t h  l o a d  f o r  other engines). 

Despi te the v a l i d i t y  o f  these observat ions,  the c o r r e c t i o n  f a c t o r  

Canparison o f  E x i s t i n g  Humid i ty  Cor rec t i on  Factors  f o r  SI Engines 

Based on the  preceding discussion, t h ree  ambient humid i t y  c o r r e c t i o n  

f a c t o r s  are p o t e n t i a l l y  a p p l i c a b l e  t o  large-bore,  n a t u r a l  gas f u e l e d  engines, 

p a r t i c u l a r l y  f ou r -s t roke ,  carbureted versions. These f a c t o r s  are sumnarized 

i n  Table C-83(42,43,44,45). F igu re  C-8 i s  a comparison o f  the t h r e e  f a c t o r s  

over a t y p i c a l  range o f  ambient h u m i d i t i e s .  

p l o t t e d  i s  a constant l oad  f a c t o r  (Equation (C-2b);  the o the r  t h r e e  are based 

Note t h a t  o n l y  one o f  t h e  f a c t o r s  

on cunposi te t e s t  cycles.  

A s  F i g u r e  C-8 i l l u s t r a t e s ,  t he re  i s  a considerable d i f f e r e n c e  i n  

c o r r e c t i o n  depending on t h e  study. The r e s u l t s  f r a n  t h e  EPA/Scott s tudy show 

the  g rea tes t  s e n s i t i v i t y  t o  ambient humid i t y  v a r i a t i o n ,  w h i l e  the  r e s u l t s  f o r  

HD gasol ine engines show t h e  l e a s t .  

previous d iscuss ion regard ing the v a r i a t i o n  i n  engine responses t o  changes i n  

i n l e t  cond i t i ons  depending on A/F r a t i o ,  f u e l  meter ing and d i s t r i b u t i o n ,  and 

i gn i t i on (d i s t r i  but  i on oper a t  i on) character  i s t i cs o f  d i f f e r e n t  engi nes . The 

c o r r e c t i o n  based on constant l oad  has been chosen as t h e  most s u i t a b l e  

c o r r e c t i o n  t o  be appl ied t o  large-bore SI engines, s ince these engines are 

T h i s  i s  not unexpected i n  view o f  t h e  
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typically operated a t  constant load. 

a p p l i c a b l e  t o  carbureted (4-NA) n a t u r a l  gas engines. 

Thus, t h i s  c o r r e c t i o n  f a c t o r  i s  most 

A p p l i c a t i o n  o f  any o f  the c o r r e c t i o n  f a c t o r s  i n  F i g u r e  C-8 t o  o the r  

engine types (e.g., turbocharged u n i t s )  i s  quest ionable due t o  major  

d i f f e r e n c e s  i n  i n l e t  a i r  i n t a k e  systems. Forhexample, data from the  d r a f t  

SSEIS i n d i c a t e  t h a t  NO, reduct ions due t o  water i n d u c t i o n  are d i r e c t l y  

p r o p o r t i o n a l  t o  wa te r - to - fue l  (W/F) ra tes ,  up t o  W/F r a t i o s  o f  1. Moreover, 

W/F r a t e s  due t o  ambient humid i t y  are a f u n c t i o n  o f  A/F r a t i o ,  as F i g u r e  

C-9  i l l u s t r a t e s .  Based on t h i s  f i g u r e ,  the W/F r a t e  o f  a carbureted n a t u r a l  

gas engine ( t rapped A/F = 17)  i s  about 30 percent  lower f o r  a s p e c i f i c  

huni id* i ty o f  100, than the W/F r a t i o  o f  a turbocharged engine w i t h  a t rapped 

A/F' r a t i o  o f  25 ( t rapped A/F r a t i o s  f o r  turbocharged SI engines t y p i c a l l y  

range from 20 t o  2 5 ) ( 4 6 ~ 4 7 ) .  

d iverge w i t h  i n c r e a s i n g  A/F r a t i o .  Therefore, it can be a n t i c i p a t e d  t h a t  NO, 

emissiions of  engines w i t h  d i f f e r e n t  A/F r a t i o s  w i l l  respond d i f f e r e n t l y  t o  

ident i i ca l  changes i n  ambient humid i t y .  Thus, t h e  a p p l i c a t i o n  o f  t h e  constant 

load humid i t y  c o r r e c t i o n  f a c t o r  (based on carbureted gasol ine engines) t o  

Note, also, t h a t  the curves o f  constant humid i t y  

othier than carbureted, 1 arge-bore SI engines i s  quest ionable.  

S i m i  1 ar concl us i  ons can a1 sa be reasoned r e g a r d i  ng the  appl i c a t i  on o f  

amhii ent  temperature and pressure c o r r e c t i o n  f a c t o r s  t o  NO, emissions f r o m  

engines whose a i r  i n t a k e  as w e l l  as f u e l  systems d i f f e r  s u b s t a n t i a l l y .  As- 

scussed e a r l i e r ,  however, no f a c t o r s  have been developed f o r  SI engines f o r  

t h e r  temperature o r  pressure. 

2.2 Ambient C o r r e c t i o n  Fac to rs  Developed f o r  CI Engines 

A survey o f  the l i t e r a t u r e  es tab l i shed  t h a t  two sources have r e p o r t e d  

ambient c o r r e c t i o n  f a c t o r s  f o r  t r u c k - s i z e  d iese l  engines(48349). A s tudy by 

Krause, e t  a1 . , was sponsored by t h e  Automobi 1 e Manufacturer '  s Associ at1 on 
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and t,he Engi ne Manufacturer I s Assoc 

for b o t h  temperature and humidity. 

the E P A  for H D  diesel engines (5O). 

for humidity only. 

ation and resulted i n  correction factors 

These corrections were la te r  adopted by 

The other source reported corrections 

In Krause's study, a correction factor was derived fo r  six different  

engines run over a 13-mode cycle. Emission procedures used were similar t o  

ItCalifornia Procedures for Diesel Engines i n  1973 and Subsequent Model Year 

Vehi c:l es Over 6001 Pounds Gross Vehicle Weight. The heavy-duty truck 

engi riles tested were d i  esel -f ue 1 ed, compress i on- i gn i ti on engi nes rangi ng i n 

size fran 6 9 ' t o  155 CID. The compression ratios varied between 14.9 and 

18.7. Inlet  air conditions were controlled t o  one of 19 combinations of 

humidity and temperature. The humidity conditions ranged frun 35 to  125 

grains H20/lb dry air ,  and the temperature was varied between 70OF and 115OF. 

Barmetric pressure was controlled to  28.00 * 0.2 inch Hg a t  the a i r  cleaner 

i n 1 let8 , 

The engines i n  the  study were of the following types: 

a Four-stroke turbocharged, direct  injection (4-TC) 

a 

0 

a Four-stroke n a t u r a l l y  aspirated, (4 -NA)  

e Two-stroke blower scavenged (2-BS) 

a Four-stroke turbocharged, aftercooled (4-TC, AC)  

Unlike turbocharged large-bore engines, which are nearly always 

Four-stroke turbocharged, prechamber (4-TC, P C )  

Four-stroke naturally aspirated, MAN chamber (4-NA, MAN) 

aftercooled, only one o f  the turbocharged engines i n  this study was 

aftercooled. T h a t  engine as well as the 4-NA and the 2-BS units were similar 

i n  design t o  large-bore engines. A correction factor  was developed fo r  a l l  

of the engines as well as for individual units. The factor was of the form 
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where NO corrected = (K), (NO observed) and A and B are r e l a t e d  t o  A/F r a t i o  

( l oad ) .  

8 5 T .  F i g u r e  C-lO(51) i s  a p l o t  o f  t he  c o e f f i c i e n t s  A and B f o r  each engine as 

a f u n c t i o n  o f  l oad  ( o r  A/F r a t i o ) .  

The reference ambient cond i t i ons  are 75 g ra ins  H2O/lb d r y  a i r  and 

Average values o f  A and B f o r  a l l  engines (as f u n c t i o n  o f  A/F) were 

a lso determined, 

v a r i a t i o n s  i n  response t o  ambient humid i t y  and temperature e x h i b i t e d  by t h e  

d i f f e r e n t  engine types depicted i n  F i g u r e  C-10. 

i s  s i g n i f i c a n t l y  l e s s  s e n s i t i v e  t o  ambient temperature v a r i a t i o n s  over t h e  

l oad  range than the  other  designs. Therefore, separate ambient c o r r e c t i o n  

f a c t o r s  f o r  2-BS, 4-M, and 4-TC, AC u n i t s  f r u n  t h i s  s tudy were used on t h e  

corresponding large-bore designs i ns tead  o f  j u s t  one average value o f  a l l  

engines. The c o e f f i c i e n t s  A and B were determined f o r  r a t e d  load cond i t i ons  

us ing average r a t e d  l oad  A / F  r a t i o s  t h a t  were r e p o r t e d  f o r  the large-bore 

engi nes. 

Th is  r e s u l t  does not appear w h o l l y  j u s t i f i e d  given the  

Note t h a t  the 4-TC, AC u n i t  

The second source (52) whi ch exami ned humi d i  t y  e f f e c t s  repo r ted  

c o r r e c t i o n  f a c t o r  based on exper imental  t e s t s  o f  a 2-BS and a 4-NA engine. 

Ambi ent humid i t y  co r rec t i ons  from both o f  these sources ( a s s m i  ng 

i n l e t  t m p e r a t u r e  i s  he ld constant, hence, t h e  B term o f  Krause's f a c t o r  

drops o u t )  are i l l u s t r a t e d  i n  F i g u r e  C-11(533%). The SI ( g a s o l i n e )  f a c t o r s  

discussed i n  Sect ion C.2.1 are also p l o t t e d  f o r  comparison. Note t h a t  t h e r e  

i s  l i t t l e  v a r i a t i o n  i n  c o r r e c t i o n  f a c t o r s  f o r  d i f f e r e n t  d iese l  engine types 

w i t h  t h e  except ion o f  t h e  2-BS u n i t  f r a n  t h e  CRC r e p o r t .  

d i  ese l - fue l  ed (CI) engi nes appear 1 ess sensi t i  ve t o  ambient humid i t y  changes 

Moreover, t h e  
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than SI un i t s ,  p a r t i c u l a r l y  f o r  humid i t ies  l ess  than 75 gra ins  H20/ lb d r y  

a i r q ,  

I n i t i a l l y ,  one might  expect the d iese l  u n i t s  t o  be more responsive t o  

i n l e t  lhumidity va r ia t i ons ,  s ince  these u n i t s  operate a t  h igher  A/F r a t i o s  

(approx imate ly  25 t o  40), and there fore ,  induct  more ambient water than S I  

engines which opera te  more n e a r l y  a t  s t o i c h i a n e t r i c  r a t i o s  (-15 t o  17, 

depending on the  f u e l ) .  

i n e r t i a  than SI engines due t o  t h e i r  h igher  t rapped A/F r a t i o s  (as w e l l  as a 

d i f f e r e n t  combustion process). Apparent ly  t he  h igher  thermal i n e r t i a  i n  the  

d iese l  u n i t s  more than o f f s e t s  t h e i r  h igher  e f f e c t i v e  water i n d u c t i o n  ra te ;  

thus,, t h e i r  NOx emissions are l e s s  s e n s i t i v e  t o  changes i n  ambient humid i ty  

than SI: engines. This  exp lanat ion  i s  corroborated by experiments which have 

demonstrated t h a t  water i n j e c t i o n ,  as a c o n t r o l  technique, produces 

s i g n i f i c a n t l y  g rea te r  NOx reduc t ions  i n  SI u n i t s  than i t  does i n  CI ( d i e s e l )  

u n i t s  (see Sect ion 4.4.7 o f  the d r a f t  SSEIS). 

The Krause s tudy a lso  i n v e s t i g a t e d  t h e  e f f e c t  o f  ambient temperature 

D iese l  engines, however, have a greater  thermal 

on NOx emissions. 

der ived  f o r  engine types s i m i l a r  t o  those i n  the  present  study (humid i ty  i s  

assumecl constant, hence, the A term of Krause 's  f a c t o r  drops ou t ) .  The 

re fe rence temperature i s  taken as 85OF. Th is  f i g u r e  shows t h a t  t h e  n a t u r a l l y  

asp i ra ted  and blower-scavenged engines NOx emissions are more s e n s i t i v e  t o  

i n l e t  a i r  temperature changes than t h e  a f te rcoo led  design. Since Krause's 

s tudy s y s t e m a t i c a l l y  examined the  e f fec t  o f  bo th  i n l e t  temperature and 

humid i t y  f o r  a number o f  CI engine types, h i s  f a c t o r s  were se lec ted  f o r  

a p p l i c a t i o n  t o  s i m i l a r  large-bore engine types. 

F igu re  C-12(55) presents the c o r r e c t i o n  f a c t o r s  t h a t  were 
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C2.3 Potential Applicatfon of Gas Turbine Ambient Correction Factors t o  
Reciprocating IC t ngi nes 

Since no ambient correction factors have been developed specif ical ly  

f o r  1 ivge-bore engines, a l l  existing correction factors  f o r  internal 

combustion engines were examined including those for  gas turbines. There i s  

a cnnsiderable amount of technical l i t e ra ture  on gas turbine ambient 

correction factors as a resu l t  of the pranulgation of emission standards for  

a i rc raf t  engines and the proposed emission standards f o r  stationary gas 

t ~ r b i n e s ( 5 6 - 6 ~ ) .  This section describes these various factors and t he i r  

potential application t o  the large-bore engine d a t a  i n  the present study. 

Gas turbine combustion characterist ics have sane common features w i t h  

those i n  diesel engines. Both the gas turbine primary combustion zone and 

the diesel combustion chamber can be characterized as a well-stirred react,or, I 

and b o t h  use similar d i s t i l l a t e  fuels  or natural  gas.  On the  other hand, the  

gas turbine combustion i s  a steady-state, constant pressure process, whereas 

the diesel i s  an unsteady, variable pressure cmbustion process. 

Nevertheless, the s imi la r i t i es  of the two systems warrant an investigation of 

e x i s t i n g  gas turbines correction factors.  

Many investigators have developed ambient humidity correction factors 

based 'on a model t h a t  re la tes  NOx formation parameters o f  temperature, 

pressure, equivalence r a t i o  and residence time (using the kinetic r a t e  

equations for  NO, format ion)  (62). Humidity enters t h i s  model t h r o u g h  its 

effect  on reaction (f lane)  temperature. 

e f f e c t  o f  humid i ty  on NO, fornation takes the  form 

Most researchers have shown t h a t  the 

NOx corrected/NOx observed = exP (K (Hobserved - Hreference)) 
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where Href = s p e c i f i c  humid i t y  a t  reference (standard) cond i t i ons  

K = emp i r i ca l  constant t h a t  ranges f r u n  14  t o  30, g e n e r a l l y  

taken as I d 6 3 1  

F i g u r e  C-13(64,65) i s  a p l o t  o f  t h i s  c o r r e c t i o n  f a c t o r  and shows t h a t  

i t  agrees reasonably w e l l  w i t h  the  HD d iese l  (4-TC, AC) f a c t o r  discussed i n  

Sect ion C.2.2 ( t he  gas t u r b i n e  f a c t o r  was adjusted t o  a re ference humid i t y  of 

75 gra ins  H20/lb d r y  a i r  t o  correspond w i t h  the  reference humid i t y  o f  the HD 

f a c t o r ) .  

Other sources have shown s imi  1 a r  agreement of  humi d i  t y  e f f e c t s  on NOx 

emissions of  d iese l  engines and gas t u r b i n e s  as i l l u s t r a t e d  i n  F igu re  

C-14(66). 

emp i r i ca l  data based on water i n j e c t i o n  as a means o f  NOx c o n t r o l  i n  gas 

t u rb ines .  

The gas t u r b i n e  humid i t y  c o r r e c t i o n  f a c t o r  was der ived f r u n  

The ambient humid i t y  was converted i n t o  an e f f e c t i v e  wa te r - to - fue l  

r a t i o  by m u l t i p l y i n g  the  ambient humid i t y  loading by t h e  near s t o i c h i m e t r i c  

A/F r a t i  o ex i  s t i  ng a t  combusti on. 

i n j e c t i o n  c o r r e c t i o n  f a c t o r  o f  Ambrose(67) was used t o  c a l c u l a t e  t h e  

Then the  e m p i r i c a l l y  de r i ved  water 

percentage reduc t i on  i n  NOx. I t  i s  reasoned t h a t  the o v e r a l l  A/F r a t i o  i s  

i n a p p r o p r i a t e  s ince much o f  t h e  water vapor i n  t h e  i n l e t  a i r  never reaches 

the pr imary combustion zone because i t  i s  vented f o r  engine c o o l i n g  or enters  

downstrean as d i l u t i o n  o r  w a l l  c o o l i n g  a i r .  Based on t h i s  r e s u l t ,  one can 

conclude t h a t  changes i n  humid i t y  appear t o  a f f e c t  NOx fo rma t ion  i n  gas tu rb ines  

i n  much t h e  same way as d i e s e l  (IC) engines. However, i t  should be remembered 

t h a t  a number o f  adequate humi d i  ty  c o r r e c t i  on f a c t o r s  have been devel oped 

f o r  IC engines; t he re fo re ,  t h i s  gas t u r b i n e  r e s u l t  i s  o f  l i m i t e d  value, but  

serves t o  r e i n f o r c e  the more g lobal  a p p l i c a t i o n  o f  these co r rec t i ons ,  
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Gas turbine temperature corrections were also examined for application 

to1 reciprocating engine data. Figure C-15(68,69) i s  a comparison of the HD 

diesel (4-TC, AC)  correction factor w i t h  various gas turbine factors.  

Oblviously, there i s  l i t t l e  agrement w i t h  the exception of one factor .  

Presmably these differences ar ise  from differences i n  in le t  a i r  compressor 

and canbustor design. The gas turbine factors ,  however, have sane 

f l e x i b i l i t y  i n  that  they are related t o  the combustor inlet  parameters o f  

pressure and temperature. Therefore, an attempt was made t o  re la te  changes 

1 n NOx f ormati on of reci procat i ng engi nes t o  changes i n ambi ent temperature 

by estimating the cylinder temperature before canbustion i n  a typical 

recfprocating engine and using the compressor pressure r a t io  and the 

assumption of isentropic canpression t o  calculate temperature. This 

calleulated temperature was then used w i t h  the gas turbine factors.  Figure 

C-16(*70,71) presents the resul ts  of t h i s  approach f o r  several different forms 

of gas turbine factors.  Again, these resul ts  do not correlate well w i t h  the 

HD diesel fac tor ,  probably due t o  the empirical nature of the gas turbine 

equations and the large differences i n  air intake systems between engines and 

t ur b i  n es . 
O n  the basis of t h i s  brief review, gas turbine ambient correction 

factors do not make a useful contribution as potential ambient correction 

factors for  reci procati ng engines. 

C.2.4 A n  Analytical Approach for  the Ambient Temperature Correction of NO, 
tmissions 

Since no temperature correction factor has been reported i n  the  

l i t e ra ture  (see Section C.2.1) for S I  engines, and no systematic emissions 

data e x i s t  (e i ther  SI  or CI) fran which  t o  base a temperature correction for  

large-bore engines i n  general, an a t tempt  was made t o  develop a 
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semi a n a l y t i  ca l  approach f o r  re1  a t i  ng changes i n  ambient temperature t o  changes 

i n  NO, l e v e l  from large-bore engines. This  approach was used t o  est imate how 

changes i n  ambient temperature a f f e c t  NO, l e v e l s .  

The a n a l y t i c a l  approach i s  based on t h e  f a c t  t h a t  ambient temperature 

changes a f f e c t  NO, emissions by t h e i r  d i r e c t  e f f e c t  on bo th  f u e l / a i r  (F/A) 

r a t i o  and peak flme temperature. As t h e  ambient temperature r i ses ,  the 

i n l e t  a i r  becomes less  dense, Since t h e  a i r  i n t a k e  volume i s  e s s e n t i a l l y  

constant, t h e  engine w i l l  i n j e c t  a smal ler  mass o f  a i r ;  t h a t  i s ,  t h e  F/A 

r a t i o  w i l l  increase, 

l e v e l  f o r  bo th  SI and CI engines. 

This  change i n  F/A r a t i o  i s  r e l a t e d  t o  a change i n  NOx 

The temperature o f  the a i r  i n  a d iese l  engine o r  f u e l / a i r  m i x t u r e  i n  

a dual-f  uel  or natura l -gas engine a f t e r  compression i s  correspondingly  

changed by a change i n  ambient ( i n l e t )  a i r  temperature. 

i n  i n l e t  a i r  temperture r e s u l t s  i n  an even greater  charge temperature a f t e r  

compression, 

That i s ,  an increase 

T h i s  increase i n  charge temperature leads t o  a higher peak 

f lame temperature and, consequently, g rea te r  NO, l e v e l s .  The increase i n  NOx 

l e v e l  due t o  an i n l e t  a i r  temperature increase i s  r e l a t e d  t o  s p e c i f i c  engine 

design parameters such as F/A r a t i o ,  degree o f  a f te rcoo l i ng ,  and compression 

r a t i o ,  as w e l l  as the fundamental nature o f  the combustion process ( i . e . ,  CI 

o r  SI). Therefore, t h e  r e l a t i o n s h i p  between NO, l e v e l  and i n l e t  a i r  

temperature i s  a n t i c i p a t e d  t o  be h i g h l y  dependent on t h e  p a r t i c u l a r  engine 

desi gn. 

The d iscuss ion above i n d i c a t e s  t h a t  NO, l e v e l  i s  p r i m a r i l y  a f u n c t i o n  

of bo th  F/A r a t i o  and i n l e t  a i r  temperature. That i s ,  



where f f F/A, f u e l / a i r  r a t i o  

T f Ta, ambient i n l e t  temperature 

N z NO,, oxides o f  n i t r o g e n  

The s u b s c r i p t  R denotes a reference ambient c o n d i t i o n  

Since we are i n t e r e s t e d  i n  p r e d i c t i n g  changes i n  NO, l e v e l  r a t h e r  than 

absolute NO, l e v e l  we may mathemat ica l ly  represent  a change i n  NO, t o  a 

change i n  a b i e n t  temperature as 

o r  

dN/dT = aN/a f  df/dT + aN/aT 

where the  d e r i v a t i v e s  on the r i g h t  s ide o f  Equat ion (C-4) remain t o  be 

evaluated. The f i r s t  p a r t i  a1 d e r i v a t i v e ,  aN/af ,  represents  t h e  change 

anissicins due t o  a change i n  F/A a t  constant ambient temperature, w h i l e  

second p a r t i a l ,  BN/BT, represents  t h e  change i n  NOx due t o  temperature 

n NO, 

t h e  

v a r i a t i o n s  at constant F/A. T h i s  mathematical f o r m u l a t i o n  can be por t rayed 

g r a p h i c a l l y  as shown i n  F i g u r e  C-17. The diagran shows NO, vs. f u e l - t o - a i r  

r a t i o ,  the downsloping curves, and load  vs. f u e l - t o - a i r  r a t i o ,  the ups lop ing 

curvles, f o r  a t y p i c a l  turbocharged d iese l  engine. The bas ic  problem i s  t o  

f i n d  the change i n  NO, a t  constant l oad  due t o  sane ambient temperature 

change. For example, assume t h e  ambient temperature, T, i s  g rea te r  than t h e  

reference temperature, TR. S t a r t i n g  a t  the uncorrected f u e l - t o - a i r  r a t i o ,  

one l o c a t e s  P o i n t  A on t h e  NOx product ion curve and P o i n t  B on t h e  l o a d  

curve. Then moving over, a t  constant load, t o  tne  reTerence temperature l o a d  

curve, one l o c a t e s  P o i n t  C and, hence, t h e  re fe rence  f u e l - t o - a i r  r a t i o .  Now, 
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Figure C-17. Relationship o f  NOx level and load t o  f /a  r a t io  f o r  
a turbocharged diesel engine operating a t  two 
ambient temperatures. 
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knowing the reference fuel-to-air  ra t io ,  one can move from P o i n t  D t o  P o i n t  

E on Lhe reference temperature curve. Thus, the change i n  NO, production 

result ing i n  t h i s  change of amb.ient temperature i s  indicated as ANOX.  

The change i n  NO, level w i t h  F/A for a constant ambient temperature, 

aN/af, i s  presumed known for a given engine or engine type. This 

relationship can be established fran d a t a t h a t  can be obtained i n  t he  

laboratory on a sample engine. 

F/A plots of Figure C-12 have similar slopes for  different ambient 

In addition, i t  i s  assumed t h a t  the NOx vs. 

temperatures. 

are reiqui red t o  eval uate the deri va t i  ve. 

The derivative df/dT, expresses the ra te  o f  change of F / A  r a t io  w i t h  

a change i n  ambient temperature. Wu and McAulay have derived the f o l l o w i n g  

expression relat ing F/A t o  ambient temperature ( a t  constant load) f o r  both 

turbocharged and n a t u r a l  l y  as pi  rated engi nes ( 72) .  

Therefore, only NOx vs. F/A d a t a  a t  one ambient temperature 

f = fR ( T / T ~ ) ~  

and 

B = (1 + n )  - (1 - e i )  n (k - l/qK) 

where 

(c-5) 

k = C p / C v ,  r a t i o  of specif ic  heats 

0 = turbocharger adi abati c compressor eff i ci ency 

n = turbocharger exponent fran equation T A ~  rc = constant where 

0.5 < n < 1 depending on turbocharger compressor pressure 

ra t io  

rc = turbocharger compressor pressure r a t i o  

e i  = ( T c  - Tm)/(Tc - Ta)  
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where Tc, Tm are compressor ex i t  and intake manifold inlet  temperature, 

respectively. Then,  differentiating Equation (C-5) with respect t o  i n l e t  

temperature we can evaluate the term df/dT in Equation (C-4). 

df /dT = B(fR/TR) (T/TR)B-l = B(fR/TR) (1 + [ B / T R ) I B - l  

= B ( f R / T R )  (1 + ( B  - 1) ( ~ T f l ~ ) )  (c-6 1 

Since B i s  always less t h a n  2 and TR is 70OF = 530%, a nominal change i n  

anbient temperature of 250F makes 

( B  - 1) T/TR - c 1/20 

Since t h i s  term i s  small compared t o  unity, we can approximate the derivative 

by 

Thus, the term from Equation (C-4) t h a t  predicts the change i n  NO, due t o  a 

change i n  F/A i s  evaluated as 

A n  expression i s  now required t o  r e l a t e  the change i n  NO, level t o  a 

change i n  ambient in le t  a i r  temperature, i .e. ,  the partial  derivative aN/aT 

of Equation (C-4). 

changes i n  ambient temperature t o  changes i n  flame temperature us ing  the 

T h i s  dependence can be evaluated by f i r s t  relating 

following relationship from Williams' Combustion Theory(73) suggested by 

Wilson, Muir, and Pe l l i cc io t t i (  74). 
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where Tfl E droplet diffusion flame temperature(75) 

T, isentropic compression temperature 
\ 
\ 

T M ( c R ) ~  

CR 3 compression r a t i o  of engine 

TM manifold a i r  temperature, related t o  TA by degree of 

turbochargi ng and aftercool ing 

TB E boiling point temperature of the fuel 

Q E heat of combustion per unit mass of fuel 

L t latent heat of vaporization of the fuel 

Yo, E ambient oxygen mass fraction 

i E stoichianetric oxygen-to-fuel r a t io  (by mass) 

Cp 3 specif ic  heat of the fue l / a i r  mixture 

Then, the change in flame temperature i s  related t o  a change i n  NO, 

producc-ti on us1 ng the Arrheni us re1 ati  on 

dNO,/dt a exp(-K/RTf,) ; K / R  = 123,000% 

I f  i t  is assumed t h a t  the ra te  of NO, production i s  independent of time, one 

can readily integrate the Arrhenius equation t o  yield the  following expression 

for the r a t i o  of NO, produced a t  a given ambient temperature, T ,  and a 

corresponding flame temperature, T f l ,  t o  that  at the reference condition. 

The partial  derivative can then be approximated i n  f i n i t e  difference form by 
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Now by s u b s t i t u t i n g  Equations ( C - 7 ) ,  (C-9), and (C-10) i n t o  Equat ion (C-4) we 

obta in :  
1 

/ / 

- = -  dN BfR 3N + 

dT TR T!f 
(c-11) 

A p r e l i m i n a r y  eva lua t i on  o f  t h i s  express ion f o r  a turbocharged d iese l  

engine p red ic t s  a 1-percent change i n  NOx per loF change i n  ambient i n l e t  a i r  

temperature. For  a constant i n t e r c o o l e r  e f fec t i veness  and turbocharger  

compressor e f f i c i e n c y ,  a 1-degree change i n  ambient temperature corresponds 

t o  a 1-degree change i n  m a n i f o l d  i n l e t  temperature. Therefore, t h i s  

~ 

a n a l y t i c a l  expression can be checked us ing  NOx emissions data vs.  man i fo ld  

a i r  temperature ( a t  constant  l oad )  f o r  a turbocharged, d iese l  engine. 

Emissions data f o r  the m a n i f o l d  a i r  c o o l i n g  c o n t r o l  (see F i g u r e  4-34 o f  

t he  d r a f t  SSEIS) i nd i ca tes  t h a t  t h i s  technique produces a 0.1- t o  0.3-percent 

change i n  NO, per  degree Fahrenhei t  f o r  d iese l  engines. 

repor ted  by Ingerso l l -Rand (and f rom F igu re  4-34 o f  the  d r a f t ) ,  show about a 

Emissions data 

1-percent change i n  NO, per lOF change i n  man i fo ld  a i r  temperature f o r  

turbocharged S I  e n g i n e ~ ( ~ 6 ) .  

responsive t o  changes i n  m a n i f o l d  a i r  temperature, i t  appears t h a t  t h i s  

a n a l y t i c a l  approach overest imates t h e  e f f e c t  o f  i n l e t  a i r  temperature on NO, 

emissions from t h i s  turbocharged CI engine. 

p roduc t ion  r a t e  w i t h  peak f lame temperature may be more v a l i d  f o r  SI engines 

than C I  engines owing t o  d i f f e rences  i n  the  combustion processes. 

Since NO, emissions f r o m  SI engines are more 

The assumption o f  a constant NO, 
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The approach outlined here has the potential t o  incorporate many 

different paraneters into a single correction fac tor .  Additional terms could 

be added for  any other operating parameters that  have a significant effect  on 

NO, emissions, e i ther  d i rec t ly  or by their effect  on F/A or T f l .  Once the 

appropriate relations are established, i t  may be possible t o  predict changes 

in NO, levels- as a resul t  of changes i n  any one of these variables caused by 

mbient variations. 

These goals are sanewhat ambitious; therefore, the most logical f i r s t  

step i s  t o  gather available data taken at different anbient conditions and 

apply the  method to  prove i t s  validity.  A t  this time, however, there i s  

insufficient information for  either S I  or CI engines t o  substantiate this 

a plpr o a c h . 
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C.3 REYIEW OF NOx MEASUREMENT METHODS 

Previous studies have indicated that sampling instrumentation and 

procedures significantly affect emission levels. 

standard procedure has been adopted by all of the manufacturers of stationary 

IC engines reporting emissions. That is, eight large-bore engine 

manufacturers who reported emission data used either chemiluminescent (CL) or 

nondispersive infrared (NDIR) and ultraviolet (NDUV) instruments and one o f  

four emission measurement procedures (SAE, EPA, EMD, or DEMA) .- 
Therefore, this section will present a detailed discussion of the instrument 

and sample acquisition practices used by the engine manufacturers. The 

purpose of this discussion is to identify possible variations in exhaust 

emission levels attributable to particular measurement equipment and/or 

procedures. Specifically, this section will: 

Furthermore, no one 

2/ 

a Establish which instruments, sampling trains, and procedures were 

used by each manufacturer who reported NOx emissions 

a Sumnarire the potential sources of uncertainty relating to each 

measurement practice 

0 Evaluate the variability among manufactuers' emissions data due to 

the following discussion will begin by illustrating typical measurement 

uncertainties in present sampling practices. This analysis will show that 

significant uncertainties in measurements can arise due to differences in both 

i nstrument and sampling procedures. Theref ore, both of these sources of error 

will be discussed as they apply to the instruments and procedures used by the 

. .  

a A l c o ,  Cott, Cooper, DeLaval Electro Motive, Ingersoll-Rand, Waukesha, 
and White Superior. 



eight large-bore engine manufacturers, Then these practices wi 11 be compared 

and the uncertainty i n  each manufacturer's NOx measurements estimated. 

C.3.1 Previous Studies of Exhaust Measurement Variation 

Before evaluating each manufacturer's sampling practice, i t  i s  of 

interest  to  examine the present "state-of-the-art" of internal combustion 

engine exhaust measurements of NO,. 

tio compare the measurements of NOx made by different  laboratories from the 

same emission source. 

simultaneously, i n  the same laboratory using identical procedures. In the 

other  study, the same emission source was sent t o  each laboratory. These 

studies i l l u s t r a t e  the magnitude of emission variations attr ibutable t o  

instruments and sampling procedures. 

o f  emissions measurements, bo th  w i t h i n  a laboratory and among different 

laboratories. The resul ts  of these studies will serve as a basis fo r  

comparing potential data variations due to  the measurement practices of the 

eight large-bore engine manufacturers considered i n  the current study. 

Three recent studies have been conducted 

In two of these studies, NO, measurements were made, 

They also indicate the reproducibility 

A ser ies  of cooperative emissions t e s t s  was conducted by the 

Coordinating Research Counci 1 (CRC) t o  evaluate measurement methods used to  

analyze diesel exhaust emisions from truck-size engines. In Phase 111 of 

this program, six laboratories sent sampling teams t o  one location t o  make 

simultaneous measurements ( u s i n g  NDIR analyzers) of a multicylinder 

engine(77). 

inch, four-stroke, direct-injection diesel .  The procedures t h a t  were used 

d u r i n g  t h i s  t e s t  program to measure NO, GO, and C02 evolved i n t o  SAE 

Recommended Practice ~ l - 1 7 7 ( 7 ~ ) .  

was circulated t o  15 laboratories to: 

The engine used i n  this study was a six-cylinder, 300-cubic- 

In. Phase IV o f  that  program, the same engine 

(1) verify that  the generally good 
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agreement of Phase I11 emission levels were the result of improved sampling 

procedures, and (2) obtain NO/NO, data using CL analyzers(79). 

Table C-84(80,81) shows the results of these two cooperative tests. 

Although the Phase I11 variations appear reasonable, the Phase IV results 

indicate poor agreement among the laboratories. These larger uncertainties 

were attributed to poor calibration procedures (span gases out o f  spec, 

instruments not calibrated) and possibly some variation in engine 

performance. 

measured at rated load by the CL analyzers was approximately 23 percent lower 

than that measured by NDIR. 

In addition, it was noted that the average NO concentration 

A more recent cooperative test program conducted by the CRC evaluated 

EPA's revised heavy-duty diesel engine NO/NOx measurement methods and 

instrumentation(82). 

on a multicylinder engine, simultaneously, and produced the range of 

uncertainty shown below. A range is shown because the results were analyzed 

in three different groupings: 

eliminating questionable results from participants who encounter sampling 

Six participants made a series of NO/NOx measurements 

(1) all data, (2) those which remained after 

problems, and finally, (3) those which were left after excluding both 

questionable data and results obtained from instruments with long sample transfer 

times . 

- .  
13 -mod e Standard Deviation Standard Deviation -_- 

No 8.03 - 8.21 0.42 - 0.29 
NO, 8.05 - 8.16 0.30 - 0.17 

(Mean, %) 

5.9 - 3.5 
3.8 - 2.1 

All but one o f  the participants used a CL analyzer, and the results from the 

one NDIR analyzer (a new reduced interference design with a NO, converter) 
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were equivalent to those from the CL analyzers. T h u s ,  based on simultaneous 

tests using the same instruments, sampling practices, and emissions sources, 

uncertainties i n  emission measurements among laboratories ranged from 3 t o  6 

percent for  NO, and 2 t o  4 percent for  NO,. 

within a laboratory ranged from 2 t o  7 percent for NO and 1 t o  3 percent for 

NO,. 

In addition, the repeatabi 1 i t y  

In contrast to the above program, the eight large-bore engine 

manufacturers used one of four t e s t  procedures (SAE, EPA, DEW, or EMD) and 

e i ther  CL or NDIR/NDUV instruments. Furthermore, the NDIR's were n o t  reduced 

interference designs. 

measurement practices than the truck engine resul ts .  The fol lowing 

discussion will f i r s t  examine the sources of such variations from differences 

i n  both instruments and sampling practices. 

suggest uncertainty bounds for the emisions data from each manufacturer. 

Hence, the i r  d a t a  are l ikely to  vary more due to  

Then an attempt will be made to  

C.3.2 Var'iations i n  NO, Emissions Related t o  the NOx Instrument 

Since the development of comnercial chemiluminescent analyzers, 

(1971), various studies have been conducted to  compare the i r  operation w i t h  

the already established NDIR analyzer. Al l  of these studies have shown the 

N D I R  analyzer t o  record consistently higher levels of NO than the CL analyzer 

for  a given source(83-85). 

reported NO, emissions using NDIR's and the other f ive  used CL analyzers. 

Three of the large-bore engine manufacturers 

Table C-85 shows the NOx instruments used by each o f  the 

manufacturers. Scott Research Laboratories made the emission measurements 

for  Ingersoll-Rand and White-Alco, since neither manufacturer presently owns 

emission measurement equipment. Note that an electrochemical instrument was 

used by Shell Oil  Research i n  1971 t o  measure NO, from one Cooper-Bessemer 
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and one Ingersol l -Rand engine. 

inst rument  s ince then; therefore,  no attempt w i l l  be made t o  c o r r e l a t e  those 

emissions wi th instrument d i f f e rences .  Only Waukesha and GMC/EMD cont inue t o  

measure NOx emissions w i t h  NDIR analyzers, and Waukesha has r e c e n t l y  acquired 

a CL analyzer.  

i n  t h e  f u t u r e .  

t he  NDIR and CL instruments and associated sources o f  e r r o r  w i l l  be b r i e f l y  

reviewed. 

a method o f  expressing emissions on an "equiva lent  instrument" bas is .  

None o f  the manufacturers has used t h i s  

Thus, a l l  b u t  one manufacturer w i l l  be us ing CL instruments 

I n  t h e  f o l l o w i n g  paragraphs, t h e  p r i n c i p l e  o f  ope ra t i on  o f  

Then t h e  r e s u l t s  o f  NDIR/CL comparisons w i l l  be summarized t o  seek 

C.3.2.1 MDIR I ns t rumen ta t i on  

The NDIR instrument was in t roduced n e a r l y  20 years ago and has 

cont inued t o  be used w ide ly  as a CO and CO2 detector .  

used e x t e n s i v e l y  t o  de tec t  NO, HC, and SO2, b u t  o the r  methods are no t  

supplant ing i t  f o r  these species. I t s  p r i n c i p l e  o f  ope ra t i on  depends upon 

absorpt ion o f  i n f r a r e d  r a d i a t i o n  by the  gaseous sample. 

i l l u s t r a t e s  a t y p i c a l  NDIR instrument.  B u i l t - i n  o p t i c a l  and gaseous f i l t e r s  

are used t o  produce a narrow i n f r a r e d  beam band width t o  compensate f o r  

i n t e r f e r e n c e  (abso rp t i on )  by o the r  cons t i t uen ts .  

I n  add i t i on ,  i t  was 

F igure C-18 

Despi te these precaut ions,  water vapor and CO2, t o  some extent ,  may 

cause p o s i t i v e  i n te r fe rences  ( h i g h  readings) even though r e f r i g e r a n t  and 

chemical d r i e r s  are used t o  remove water vapor. Desiccants, however, have 

been found t o  cause s i g n i f i c a n t  i n te r fe rences  as w e l l  as water vapor (see 

l a t e r  d iscuss ion and Sect ion C.3.3). 

response o f  t he  NDIR instrument t o  the specie o f  i n t e r e s t  i s  non l i nea r  i n  

some instrument designs, n e c e s s i t a t i n g  a c a r e f u l l y  const ructed c a l i b r a t i o n  

curve us ing  a t  l e a s t  f ou r ,  and p r e f e r a b l y  s i x  t o  e i g h t ,  c a l i b r a t i o n  gases. 

I n  a d d i t i o n  t o  these problems, t h e  
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C.3.2.2 Chemi 1 umi nescent Analyzers 

Chemiluminescent analyzers, in contrast to NDIR instruments, have been 

developed only recently (1971) for source sampling. 

instrument has gained increasing application for the measurement of NOx 

(NO t N02) and NO. 

nitric oxide, NO, to produce a chemically excited state of NO?*, which emits 

light as it decays to stable N02. 

proportional to the NO concentration present in the sample, 

Nevertheless, the CL 

In this type of instrument ozone, 03, is reacted with 

The intensity of this emitted light is 

The analyzer 

uses a photomultiplier to detect the light, 

Figure C-19 is a schematic o f  a CL analyzer and illustrates the 

reaction of ozone with NO in the reaction chamber o f  the instrument. The 

instrument is easier t o  calibrate than some NDIR's due to Its linear response 

to NO, and thus requires fewer calibration gases, Note that a NO2 + NO 

converter is depicted in Figure C-19. There are basically two types on the 

market. One device consists o f  a stainless steel tube which is heated to 

r12000F and essentially converts all NO2 in the sample to NO. The other 

device catalytically converts NO2 to NO. 

NO2 can be measured, depending on whether the sample gas is fed directly to 

the reaction chamber or passed through the converter first, 

In this way just NO or both NO and 

The NO2 level is 

then deduced by subtracting the NO level from the total NO, reading. 

Potenti a1 problems encountered in this instrument include quenching o f  

the excited NO2 by other species, converter inefficiencies, and interferences 

caused by chemiluminescence o f  other gases. In general, quenching (by C02 or 

H20) is negligible in CL instruments; particularly if water is removed from 

the sample before analysis and low pressure (vacuum) reaction chambers are 

used to reduce quenching by C02. Nevertheless, sane quenching problems have 

been observed during measurement of fuel-rich automotive exhausts. Quenching 
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e f f e c t s ,  however, have no t  been observed dur ing measurements on t r u c k - s i z e  

d iese ls ,  whose exhausts are s i m i l a r  t o  those o f  l a r g e  bore s t a t i o n a r y  engines 

( i  .e., -15 percent oxygen). 

Converter problems are avoided by thermal c o n d i t i o n i n g  o f  new 

conver ters  and by making r e g u l a r  checks o f  conver ter  e f f i c i e n c y  (>90 - 
percent) .  

t he  choice o f  s p e c t r a l  f i l t e r s  and photodetectors.  

I n te r fe rences  are minimized by the  instrument manufacturer through 

C.3.2.3 Sources o f  Instrument E r r o r  

Sources o f  e r r o r  f o r  each o f  t he  instruments l i s t e d  i n  Table C-85 are 

sumnarized i n  Table C-86(*6-g4). 

conver ter  problems o f  t he  CL analyzer should occur when measuring large-bore 

engine exhausts w i t h  a p r o p e r l y  operated and mainta ined CL analyzer. 

N D I R  analyzers, on the  o the r  hand, are suscep t ib le  t o  e r r o r s  due t o  

i n t e r f e r e n c e  desp i te  sample c o n d i t i o n i n g  t o  remove water. 

combined w i t h  the  r e l a t i v e  ease o f  operat ion and accuracy of CL analyzers, has 

l e d  t o  an i nc reas ing  preference o f  CL’s f o r  NOx measurements. As an example, 

EPA‘s proposed r e v i s i o n s  t o  the Heavy Duty D iese l  and Gasoline Engine 

Sampling Procedure s p e c i f y  CL analyzers. 

comparisons of CL and NDIR/NDUV measurements o f  NO,. 

be the  bas i s  f o r  expressing NDIR/NDUV measurements as equ iva len t  CL l e v e l s .  

Note t h a t  n e i t h e r  t h e  quenching e f f e c t  nor t h e  

Present 

This  i n te r fe rence ,  

The f o l l o w i n g  sec t i on  sumnarizes 

These comparisons w i l l  

C.3.2.4 C o r r e l a t i o n s  of CL t o  NDIR/NDUV 

As discussed above, N D I R  analyzers are sub jec t  t o  water vapor 

i n t e r f e r e n c e  despi te  sample c o n d i t i o n i n g  t o  remove water vapor. These 

i n t e r f e r e n c e s  cause the  inst rument  t o  i n d i c a t e  h ighe r  NOx l e v e l s  than a r e  

a c t u a l l y  present.  A comprehensive study conducted by TRW ( w i t h  Sco t t  
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Research Labs) us ing constant volume sampling (CVS) o f  automotive exhausts 

de termi  ned t h a t  

= 1.07 (NO)CL - 4.2 NO ND I R (C-12) 

where (NO) denotes NO concent ra t ion  i n  ppm.(95) 

water removal systems (condenser and chemical d r i e r s ) ;  hence, t h e  d i f f e r e n c e  

was due t o  a gas i n t e r f e r e n c e  only .  

es tab l i shed t h a t  chemical d r i e r s  promoted NO2 + NO conversion. 

an NDIR w i t h  water removal t o  a CL w i thou t  water removal i n d i c a t e d  t h a t  

Both analyzers had s i m i l a r  

I n  a d d i t  on t o  t h i s  f i n d i n g ,  t h e  study 

Comparison o f  

= 1.12 (NOlcL -t 8.4 ( NO )NO IR (C-13) 

Furthermore, a comparison o f  two CL analyzers, one (CLg) preceded by 

a water t r a p  and chemical d r i e r  and the  o ther  (CLA) w i thou t  e i t h e r ,  i nd i ca ted  

t h a t  

(NO,)CL~ = 0.873 (NO,)CLA -t 6.6 (C-14) 
-, . 

Thus, t he  ne t  e f f e c t  of t he  d r i e r  and water t r a p  i s  t o  dest roy about 12 

percent  o f  the  NO, i n  the  sample. 

The r e s u l t s  o f  t h i s  study and o thers  t h a t  cor robora te  these e f f e c t s  

are summarized i n  Table C-87(96-100). The b ias  o f  N D I R  analyzer ranges from 3 t o  

30 percent  h ighe r  based on these s tud ies.  As t h i s  t a b l e  ind ica tes ,  t h e  

p a r t i c u l a r  c o r r e c t i o n  t h a t  app l ies  t o  any one o f  t he  th ree  manufacturers t h a t  

used an NDIR analyzer (and NDUV f o r  N02) w i l l  depend on t h e i r  sampling setup 

and procedures (e.g., t ype  and l o c a t i o n  o f  water t rap,  and the  NO2 present ) .  

Therefore,  t h e  appropr ia te  c o r r e c t i o n  f o r  NDIR inst rument  b ias  w i l l  be 

i d e n t i f i e d  a f t e r  a d iscuss ion o f  each manufacturer 's  sampling p rac t i ces .  
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C.3.3 Variations i n  NOy Levels Related to  Sampling Procedures 

In addition to  the choice of instrumentation, differences i n  sampling 

procedures can cause variations in reported emission levels. 

clearly i l lus t ra ted  i n  Table C-84 fo r  the Phase IV cooperative t e s t s  where 15 

laboratories made measurements of an identical source. Since four basic 

sampling procedures (DEMA, SAE, EMD, EPA) were used by the eight large-bore 

engine manufactuers, some variation between their reported emission levels 

can probably be attributed to  differences i n  their sampling practices. The 

sources of these uncertainties wi l l  be identified and the four sampling 

procedures compared and evaluated i n  th i s  section. 

This was 

C.3.3.1 Sources o f  Sampling Error 

The two major problems encountered i n  measuring engine exhausts are: 

(1) chemical changes t h a t  occur d u r i n g  transfer of the sample to  the 

analyzer, and ( 2 )  errar due to  improper operation of the analyzer. Figure 

C-20 i s  a simple schematic of an engine sampling system. 

exhaust gas sample t o  the analyzer, care must be taken t o  ensure t h a t  a l l  of 

the NOx (NO + N02) or NO (when only an NDIR i s  used) originatlng from the 

engine exhaust reaches the analyzer. Far these reasons sample l ines are 

heated to prevent condensation or kinetic conversion of constituents. High 

sample flowrates (short sample residence times) are maintained to  minimize 

sample degradation dur ing  i t s  transfer from the engine to  the analyzer, and 

In transferring the 

water removal devices are employed t o  minimize instrument interferences from 

water vapor.  Similarly,  i t  i s  important t h a t  the analyzer be calibrated and 

a l l  components, such as NO2 + NO converters (on CL instruments), be 

functioning properly. Therefore, adequate analyzer specifications and 

, -  

calibration procedures are essential  for  accurate emission measurements. 
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Table C-88(a)(101-107) presents a more d e t a i l e d  summary o f  sources o f  

sample t r a n s f e r  e r r o r .  

coupled w i t h  low sample residence t imes are essen t ia l  t o  preserve t h e  i n i t i a l  

amounts o f  NO and NO2 contained i n  t h e  sample gas. 

o f  the  e n t i r e  sampling system ( p a r t i c u l a r l y  on t h e  vacuum s ide)  should always 

be performed t o  assure t h a t  t h e  sample gas reaches t h e  analyzer und i lu ted .  

Water removal i s  requ i red  with N D I R  analyzers; t he re fo re ,  care must be taken 

As t h i s  t a b l e  ind ica tes ,  heated sampling l i n e s  

Furthermore, leak checks 

t o  minimize t h e  t ime a v a i l a b l e  f o r  NO t o  be converted t o  NO2 which can then 

be absorbed by the  condensed water f rom t h e  sample gas. 

(des iccants)  are an unacceptable water removal dev ice s ince they  promote t h e  

NO2 + NO r e a c t i o n  and absorb NO2 (see Sect ion C.3.2). 

Chemical d r i e r s  

Table C-88( b )  (108) sumnarizes important analyzer r e l a t e d  procedures 

requ i red  f o r  accurate measurements. 

emission measurement inst ruments.  

us ing accurate, c e r t i f i e d  blends o f  c a l i b r a t i o n  gases. 

a l so  serve t o  i n d i c a t e  p o t e n t i a l  ins t rument  problems as w e l l  as necessary 

ga in  adjustments, 

Care must also be exerc ised i n  opera t ing  

Frequent c a l i b r a t i o n s  should be performed 

Zero and span checks 

Span gases should be f r e q u e n t l y  cross-checked w i t h  

c a l i b r a t i o n  gases or  checked against  a NBS standard s ince  even c e r t i f i e d  

gases can be i n  e r r o r .  

Some c a l i b r a t i o n  curves f o r  N D I R  analyzers are nonl inear ;  t he re fo re ,  

severa l  c a l i b r a t i o n  gases (minimum o f  s i x )  should be used t o  c a l i b r a t e  t h e  

ins t rument ( l09) .  

s i t t i n g  unused; there fore ,  f requent  c a l i b r a t i o n  i s  necessary. 

c a l i b r a t i o n  p o i n t s  should be c u r v e - f i t  us ing  a h igher  order  po lynomia l .  

add i t i on ,  e f f i c i e n c i e s  o f  NO, conver ters  (on CL analyzers)  should be checked 

r e g u l a r l y .  

These inst ruments a l s o  exper ience some hys te rys i s  a f t e r  

Also, 

I n  

F i n a l l y ,  s t r i p  cha r t  record ings o f  data are super io r  t o  v i s u a l  

” -  



TABLE C-88(a). SOURCES OF SAMPLING ERROR: THE SAMPLE TRANSFER 

Source 

a Unheated 
sampl ing  1 ine 

0 Long samp 
res i d~ence 

e 
times 

0 Sample line 
connections and 
f i ttings 

a Water removal 

- Refrigerant 

- Chemical 
drTer (desiccant) 

. -  

Sampling System 

Error 

NO + N02; NO2 adsorbed 
d u r i n g  water removal : 
Observed 40-percent 
loss of NO when sample 
residence times were 
35-40 sec (101) 

Heated Line: NO2 ad- 
sorbed dur ing  water re- 
moval : 6-7% N O y  loss 
for system response 
timesa greater t h a n  
25 sec (102) 
Cold Line: 12-percent 
NOx loss for  sample 
residence time of 
13 sec (103) 

Leaks t h a t  dilute sample 
gas: Observed 25-percent 
loss of NO due t o  pre- 
f i l t e r  lea[ (104) 

NO2 adsorbed i n  condenser; 
(105) 

NO2 -t NO and drier "eats" 
N02. Negative or  positive 
errors w i t h  cold lines 
(SAE procedure) depending 
on how drier conditioned 
(106, 107) 

Correction 

Heat line t o  375OF 

Use short sample line 
and/or flowrates t o  
1 imi t system response 
t o  15 sec or less. 

Leak check system be- 
fore testing 

CL:  Locate condenser 
after converter. 
N D I R :  Maintain h i g h  
sample flow through 
condenser, remove 
H20 as i t  forms. 

Do n o t  use chemical 
driers 

Systeim response time = sample residence time + instrument response time a 
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TABLE C-88(b). SOURCES OF SAMPLING ERRCR: INSTRUMENT RELATED 

Instrument a t  i on 

Source 

0 Instrument d r i f t ,  
ozone shortage (CL)  , 
p l  ugged capi 1 1 ary 

0 Converter 
malfunction (CL) 

0 Visual rather t h a n  
s t ri pchar t  readings 

o Cal ibra t ion  and 
span gases 

Error 

Low NO, readings 

N o t  a l l  NO2 converted t o  
NO, resu l t s  i n  low NOx 
reading also possible for 
NO t o  exceed NOx levels  

Analyzer meter only ac- 
curate t o  +3 percent. 
V i  sua1 averaging less  
consistent t h a n  chart 
a v e r a g i  ng (1 08) 

Change of consti tuents 
w i t h  time, or  erroneous 
ce r t i  f i  cat i on 

Correct i on 

Calibrate instrument 
frequently. Zero and 
span before and a f t e r  
each measurement for 
a l l  instrument ranges. 
Instrument should meet 
min i  mum performance 
c r i t e r i a .  

Perform converter 
checks regularly. Use 
known standard t o  check 
converter eff  i ci ency 

Use s t r ipcha r t ,  aver- 
age levels over an 
interval for which 
steady s t a t e  condi- 
t ions ex is t .  

Use ce r t i f i ed  gases o f  
speci f ied blends. 
Cross-check span and 
calibration gases. 

C-142 



analyzer meter readings since a permanent record i s  produced, and emission 

levels can be averaged over a time interval more accurately and consistently. 

C.3.3.2 Sampling Procedures: EPA, DEW, SAE, EMD 

Having completed th i s  brief review of sources of sampling error, we 

can examine each of the four measurement practices presently used by the 

eight large-bore engine manufacturers. 

EPA, DEMA, SAE, and EMD emission measurement p r a c t i ~ e s ( l l 0 - ~ ~ 3 ) .  

information for the EPA procedures is  based on the revised EPA Heavy Duty 

Diesel Emissions Regulations as proposed i n  the Federal Register, Volume 41, 

No. 101, May 24, 1976. This revised procedure requires CL analyzers fo r  

NO/NQ, measurement, establishes instrument and calibration specifications, 

and defines sample transfer configurations and practices. 

Table C-89 i s  a comparison o f  the 

The 

This comprehensive EPA regulation was recently verified through 

cooperative testing by b o t h  manufacturers of mobile diesel engines and the 

EPA-Ann Arbor Mobile Sources Laboratory(ll4), 

program (see Section C.3.1) made essentially equivalent NO, measurements 

for a series of eight t e s t s .  

small 

Nevertheless, the standard deviation o f  measured NOx levels was generally 

smal 1 , r a n g i n g  from 2 t o  4 percent (of the mean level) .  

practice wi l l  be the basis o f  comparison for the other measurement practices. 

The six participants i n  th is  

Two participants, however, d i d  experience a 

b u t  consistent, NO/NOx crossover ( N O  levels greater t h a n  NO, levels) .  

Therefore, the EPA 

.. lhe potential sources of measurement uncertainty o f  the other three 

procedures (DEMA, SAE, and EMD) are summarized in  Table C-90. 

t ra ins  for these three procedures, as well as the EPA setup, are i l lus t ra ted  

i n  Figure C-21. 

The sampling 

The DEMA procedure specifies a CL analyzer and the SAE/EMD 
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TABLE C-89. COMPARISON OF SAMPLING PRACTICES 

Test  Procedure 

DEMA: 
EPA: 5 minutes 
SAE: 20 minutes 
EMD: 30 minutes 

No t i m e  between modes s p e c i f i e d  

DEW: 
EPA: Data recorded over l a s t  2 minutes 
SAE: Data recorded over  l a s t  5 minutes 
EMD: Data recorded over  l a s t  3 minutes 

Data recorded and averaged over  10 minutes 

Inst rument  C a l i b r a t i o n  - DEMA and EPA a r e  CL; SAE i s  NDIR; EMD i s  NDIR/NDUV 

DEMA : 
EPA: 

SAE : 
END : 

DEMA: 
EPA: 

SAE : 

EMD : 

DEMA: 
EPA: 

SAE : 
EMD: 

DEMA: 
EPA: 

SA€ : 
EMD : 

Analyzers c a l  i b r a t e d  semimonthly. No d e t a i  1 s o f  c a l  i b r a t i o n  given. 
Check NOx conver te r  once pe r  week (must be a t  l e a s t  90-percent 
e f f i c i e n t )  ; l e a k  check system, c a l i b r a t e  analyzer ,  check sample 
l i n e  res idence t ime,  and quench check every 30 days 
C a l i b r a t e  monthly 
Checked and c a l i b r a t e d  monthly,  semiannual ly and annua l l y  

Number o f  c a l i b r a t i o n  gases n o t  s p e c i f i e d  
Span ana lyze r  w i t h  c a l i b r a t i o n  gases hav ing nominal concen t ra t i ons  
o f  30, 60, and 90 pe rcen t  o f  f u l l  sca le  concen t ra t i ons  
Use c a l i b r a t i o n  gases t h a t  a re  25, 50, 75, and 100 percent  o f  
i ns t rumen t  range used. 
Use 4 c a l i b r a t i o n  gases 

No s p e c i f i c a t i o n s  f o r  c a l i b r a t i o n  o r  span gas blends and d i l u t e n t s  
Blends and d i l u t e n t s  s p e c i f i e d  and accurate w i t h i n  2 percent  o f  
t r u e  concen t ra t i on  o r  t r a c e a b l e  w i t h i n  1 pe rcen t  o f  NBS blends. 
Span gas t r a c e a b l e  t o  w i t h i n  1 percent  o f  c a l i b r a t i o n  gas. 
t2 percen t  accuracy on gas a n a l y s i s  c e r t i f i c a t i o n  
22 pe rcen t  accuracy blends and d i l u t e n t s  d e f i n e d  by EMD 

No ana lyze r  s p e c i f i c a t i o n s  r e q u i r e d  
S p e c i f i c a t i o n s  f o r  response-t ime, p r e c i s i o n ,  no i se ,  zero and 
span d r i f t ,  and l i n e a r i t y  
Accuracy should be 22 percen t  f u l l - s c a l e  d e f l e c t i o n  o r  b e t t e r  
Same as SAE 
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TABLE C-89. Concluded 
\ 

0 Sample Transfer 

. DIEMA: Stainless steel (S.S.) probe, configuration not specified 
EPA:  Specifies number and size of holes in S.S. probe 
ME: S.S. probe no configuration specified 
EMD: S.S. probe, configuration specified 

DEMA: Sampling line material n o t  specified 
EPA:  Stainless s teel ,  teflon, or proven inert 
ME: Stainless steel or teflon after exhaust cooled 
EMlD: Stalnless steel 

DEW: Line heated t o  2 O O O F  for NOx (375°F for HCT) 

M E :  Unheated 
EMD: Unheated 

EF'A: 375OF + 18OF - 9 O F  

DEIMA: No sample line length specified 
EPA: (50 feet or sample line residence and instrument response time 

less t h a n  or ectual t o  15 seconds 
SAE: No length specified 
EMD: No length specified 

DElllA: Chemical driers can be used 
EPA: Not allowed 
SAE: Refrigerant and chemical d r  
EMII: Same as SAE 

5 

er  specified 

DEPlZA: 
EPA: 
SAI:.: 
EMU: 

Recommend water removal a t  probe or a t  analyzer before NO2 + NO converter 
Condenser a t  analyzer after converter 
Condenser and drier before analyzer 
Same as SAE for N D I R .  N D U V  does n o t  use water removal, --. 
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procedures require an NDIR Instrument. 

NDUV analyzer, i n  ser ies  a f te r  the NDIR,  to  measure NO2 i n  the sample. 

Table C-90 clear ly  indicates that  there are several sources of 

The EM0 practice also u t i l i zes  an 

measurement uncertainty possible fo r  the DEMA procedure, largely as a resul t  

o f  i ts  fa i lure  to define instrument and sample transfer practices. I t s  most 

obvious shortcoming is the potential degradation of the NO and NO2 i n  the 

sample gas as i t  passes from the probe t h r o u g h  an unheated sample l ine (of  

unspecified length) and condenser before entering the CL analyzer. High 

residence times would also promote NOx loss for th i s  configuration. One 

large-bore engine manufacturer demonstrated that the sample residence time 

must be less t h a n  3 seconds t o  prevent significant loss of NO2 i n  the sample 

(12-percent loss for  a 13-second residence time) as i t  passed through a cold 

sample 1 i ne and condenser (see Tab 1 e C-88) . 
Simi lar ly ,  SAE and EMD practices can also lead to a loss of NO, as the 

sample passes through an unheated sample l ine,  a condenser, and a desiccant 

before reaching the analyzer. 

converts NO2 t o  NO and absorbs N02. 

As discussed previously, the desiccant 

Comparisons of the SAE sampling train w i t h  the proposed EPA t ra in  

indicated that SA€ measured concentrations of NO are understated by 15 t o  40 

percent d u r i n g  the f i r s t  few measurement modes of the federal 13-mode 

composite cycle, then are equal in  the seventh or eighth modes, and f ina l ly  

are overstated by about 10 percent i n  the l a s t  modes(ll5). These resul ts  and 

the study conducted by TRW suggest t h a t  the desiccant requires a period of 

time t o  equilibrate.  

(permissible under present EPA regulations),  NO levels would tend to be low 

(since levels would be understated u n t i l  the dr ier  had equilibrated, possibly 

not  u n t i l  the l a s t ,  rated speed, low power modes were being measured). 

If a new drier  were used before each 13-mode tes t  

If 

I -  
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the dr ier  was not replaced, or i f  i t  was preconditioned, the NO levels would 

temd t o  be overstated. This is probably the case for  those large-bore engine 

manufacturers who use dr iers ,  since their  engines are typically operated 

about an hour before they are stabil ized and measurements are begun. 

The EMD procedure is similar t o  the SAE procedure w i t h  the exception 

that  b o t h  NO and NO2 are measured us ing  NOIR and NDUV analyzers. Results 

from the TRW study(116) , based on automotive exhausts, indicated t h a t  

NDZR/IVDUV NO, measurements were about 20 percent higher t h a n  CL readings (no 

water removal for  C L  sample). Apparently, the positive biases (interference 

and dr ie r )  more than offset  potential NO, loss due t o  the cold sampling i n  

t h a t  situdy. In addition to  the positive N D I R  biases, NOUV analyzers have a 

history of s t ab i l i t y  problems, usually manifested as a d r i f t i n g  ( h i g h )  

reading. 

par t ic le  buildup(ll7).  

One study attr ibuted this  error t o  interference due t o  carbon 

C.3.3.3 Summary and Conclusion o f  DEW, SAE, and EMD Practices 

In sumnary, i t  appears t h a t  the DEMA practices will generally lead to  

negative errors due t o  NO, loss i n  transporting the sample from the engine t o  

the analyzer. 

practice is unknown re ative t o  the EPA procedure. 

Table C-87) suggest t h  s error could be as much as -10 t o  -15 percent 

depending on the amount of NO2 i n  the sample (estimated t o  be 2 t o  10 percent 

of the t o t a l  NO,) and the extent that  NO is converted t o  NO2 dur ing  the 

samp't e transfer . 

A t  this time the absolute uncertainty associated w i t h  this 

Limited resul ts  (see 

The positive b i a s  o f  the SAE procedure gives a 12-percent error i n  the 

NO reading. 

percent error i n  the NO, reading. 

The EMD procedure, which measures both NO and NO2 causes a 20- 

Nevertheless, both procedures could 
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experience as much as a -40-percent error i n  the NO or NOx reading if the 

chemical dr ier  has n o t  stabil ized. 

measurements for the SAE and EMD practices appear t o  be significantly greater 

than the DEMA practice. 

T h u s ,  the uncertainties i n  NOx 

Finally, the EPA procedure defined for  the heavy-duty diesel and 

gasoline engines appears t o  have minfmized the various sources o f  measurement 

error  and should give more accurate and consistent NO, readings. Therefore, 

each of the manufacturer's sampling practices will be evaluated i n  the follow- 

i n g  section by comparing i t  t o  the EPA procedure. 

C.3.3.4 Comparison o f  Manufacturer's Measurement Uncertainty 

Table C-91 sumnarizes each manufacturer's practice i n  terms of 

procedures t h a t  could lead to measurement error.  Note that three of the four 

DEMA manufacturers u s i n g  cold sample lines have located the i r  water traps 

near the analyzer instead of a t  the engine as is recommended I n  the DEMA 

practice. 

exhaust sample. 

residence times which w i  11 also promote NO, loss. 

Therefore, this setup will promote additional loss of NO, i n  t 

In addition, Colt and Waukesha have relat ively h i g h  samp 

The potential errors i n  measurement resulting from these practices 

estimated i n  Table C-92(118-122) re lat ive t o  the EPA procedure. 

appear i n  Table C-92 for  items which do not  apply t o  a particular 

manufacturer.) These uncertainties are depicted for each manufacturer i n  

(Blanks 

e 

e 

are 
~, 

Figure C-22. 

this error cannot be generalized. Also, the uncertainty bands were 

constructed assuming that errors o f  the same sign were additive. 

Errors due t o  system leaks are not included i n  the figure since 

Note that  
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these u n c e r t a i n t i e s  s u b s t a n t i a l l y  exceed the 4-percent s c a t t e r  i n  NOx l e v e l s  
I -  , 

observed du r ing  v e r i f i c a t i o n  t e s t s  o f  t he  EPA procedure. 

N D I R  and NDIR/NDUV inst rument  biases have been inc luded i n  t h i s  f i g u r e  

and are based on t h e  TRW study(123).  

percent e r r o r  of Table C-92 i s  no t  included i n  F igure C-22 s ince the  

manufacturers genera l l y  operate t h e  engine long enough t o  c o n d i t i o n  t h e  d r i e r  

before measurements are taken. The data f o r  Waukesha i n d i c a t e s  t h a t  sampling 

Note t h a t  t he  p o t e n t i a l  negat ive 40- 

e r r o r s  can be as l a rge  as instrument bias,  b u t  i n  the  case o f  Cooper and 

GMC/EMD, instrument biases predominate. 

Conclusions 

The above analyses o f  instruments and measurement p r a c t i c e s  suggest 

the f o l l o w i n g  conclusions about the  repor ted data: 

0 The exhaust data which were repor ted us ing t h e  DEMA, SAE, o r  EMD 

p r a c t i c e s  should be banded by the  appropr ia te u n c e r t a i n t y  l e v e l .  

I n  general , measurement u n c e r t a i n t i e s  are expected t o  range from 

-15 t o  +5 percent f o r  DEMA data and -20 t o  +20 percent f o r  t h e  

SAE/EMD data. 

0 Waukesha's data contains the  g rea tes t  u n c e r t a i n t y  s ince: (1) o n l y  

NO was measured, ( 2 )  o the r  s i g n i f i c a n t  sampling problems could 

have been present, and ( 3 )  the amount o f  NO2 i n  t h e  exhaust was 

unknown; thus c o r r e c t i o n  of NO t o  NO + NO2 would be speculat ive.  , .  

0 The Ingersol l -Rand and White-Alco exhaust emissions data appear t o  

have the  l e a s t  measurement u n c e r t a i n t y  (+5 percent)  s ince t h e i r  

sampling procedure was e s s e n t i a l l y  i d e n t i c a l  t o  the  EPA procedure. _ -  
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The previous analyses also lead one t o  conclude t h a t  the EPA heavy- 

duty engine method should be preferred over any other method previously used 

for sampling stationary reciprocating engines. Therefore, any test method 

developed for these engines should follow the same basic sampling procedures 

and utilize the same basic sampling system. In the mean time, the DEMA and 

SAE/EMD sampling practices should include more carefully specified sampling 

procedures, and the use of NDIR/NDUU instruments should be carefully re- 

viewed because of  their bias relative t o  CL instruments. 
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C.4 THE EFFECT OF NOX CONTROL TECHNIQUES ON NONMETHANE HYDROCARBON 
EM1 SSIONS 

I t  i s  well known t h a t  the application of NOx controls to  IC engines 

can cause the emissions of other c r i t e r i a  pollutants t o  increase. Therefore, 

CO and HC emissions may require control as well as NOx levels. However, 

attempts to  regulate HC emissions from large-bore engines are not 

straightforward since most data for  these engines are i n  terms of to ta l  

hydrocarbon (THC) ,  rather t h a n  reactive HC which i s  the c r i t e r i a  pollutant.  

Moreover, the Office of General Council (OGC)  has indicated that  EPA 

r 

should  establish,  if feasible ,  standards for  the c r i t e r i a  pollutant, NMHC, t o  

avoid legal challenges of a THC standard under Section 111 of the Clean Air 

Act(124). 

such an approach: 

The OGC added, however, t h a t  EPA could se t  standards on THC i f  

(1) simplifies sampling procedures, and ( 2 )  allows the use 

o f  existing data. 

standard for THC would cost manufacturers and users no more than an standard 

If EPA follows this approach, they must show that  a 

fo r  NMHC. The purpose of this memo i s  t o  investigate this issue. 

Data from Section 4.4 indicated tha t ,  i n  general, the application of 

~0~ controls to large-bore IC engines resulted i n  increases of 5 t o  50 percent 

in THC levels (see Figure 4-52).  

gas and dual-fuel engines contained b o t h  methane, (CH4) a noncriteria 

pollutant,  and NMHC, the regulated HC p o l l u t a n t .  

However, the THC levels reported for the 

(NMHC emissions are defined 

here as a l l  other hydrocarbons i n  the exhaust sample.) 

different ly  than THC levels w i t h  the application of NO, controls, separate 

control regulations may be required f o r  NMHC levels. 

If NMHC levels change 

Therefore, the data fo r  

THC and NMHC (where measured) from gas and dual-fuel engines are reexamined , .  

here to determine how NOX C O n t r O l  techniques affect  NMHC levels re la t ive  to  

THC levels. 
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In the following sections, uncontrolled levels o f  THC and NMHC will be 

Then these compared fo r  bo th  new (laboratory) and installed ( f i e ld  engines). 

emlssions will be evaluated a f te r  the application of NOx control techniques 

th in t  were reported in Section 4.4. In addition, the measurement techniques 

for. b o t h  NMHC and THC will be briefly reviewed. Based on th i s  evaluation, a 

recomendation wi 11 be presented concerning the separate control of NMHC 

emiissions. 

C.4l.1 Comparison of Controlled THC and MMHC Emissions from Gas and Dual- 
h e 1  tngines 

Previous investigators have shown that  NMHC levels are generally less  

than 20 percent of the THC emissions from natural gas engines. 

i l lus t ra tes  t h i s  conclusion u s i n g  d a t a  reported by Southwest Research 

Ins t i tu te  (SwRI), and two engine manufacturers, Colt and Cooper. 

data were from engines installed on gas transmission pipelines(l25) , whereas 

the manufacturer's data were from new engines that  were measured in 

labloratories. All the THC data were measured w i t h  flame ionization detectors 

(FID's).  

methane levels. 

Figure C-23 

The SwRI 

Nonmethane emissions were determined as the difference i n  THC and 

Cooper and Southwest measured methane emissions w i t h  a gas 

chromatograph. 

and then measured the methane remaining with an FID. 

Col t  physically removed a l l  nonmethane portions of the sample 

Figure C-23 shows t h a t  THC levels for  pipeline engines ranged from 1 

t o  9 g/hp-hr  and were lower for four-cycle designs (1 t o  3 g/hp-hr )  compared 

to  two-cycle levels ( 3  t o  9 g / h p - h r ) .  THC emissions from the engines tested 

by the two manufacturers were generally lower t h a n  those from the pipeline 

{engines for both two- and four-cycle designs. 

Although the THC levels fo r  the new gas engines were lower than those 

for  the installed engines, the NMHC levels were greater. As a consequence, 
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a g rea te r  f r a c t i o n  o f  t he  THC emission from the new engines were NMHC as 

compared t o  t h e  p i p e l l n e  u n i t s .  On the  average, NMHC emissions were o n l y  6 

percent  o f  THC l e v e l s  fo r  the i n s t a l l e d  engines, b u t  23 percent  f o r  t he  new 

engines, 

engines which were t e s t e d  as found. That i s ,  o lde r ,  i n s t a l l e d  gas engines 

may have had more blowby o f  unburned f u e l  and have been operat ing o f f  peak 

combustion ( i  .e., r e q u i r i n g  maintenance o r  an overhaul) ,  thereby causing 

g rea te r  emissions o f  unburned f u e l  (methane). Furthermore, lower peak 

'temperatures associated w i t h  less than optimum combustion may have r e s u l t e d  

*in fewer emissions o f  p a r t i a l l y  ox id i zed  f u e l  ( i  .e., r e a c t i v e  hydrocarbons o r  

These d i f f e r e n c e s  m a y  be r e l a t e d  t o  t h e  c o n d i t i o n  o f  t h e  i n s t a l l e d  

IJMHIC) . 
F igu re  C-24 shows uncon t ro l l ed  THC and NMHC l e v e l s  f o r  C o l t  and Cooper 

dual  f u e l  engines. (No measurements of i n s t a l l e d  dua l - fue l  engines were 

ava i l ab le . )  These data are s i m i l a r  t o  the l i m i t e d  data f o r  manufacturer 's 

gas engines, i n d i c a t i n g  t h a t  NMHC l eve ls  from these engines range from 10 t o  

20 percent o f  THC l e v e l s .  

I n  the f o l l o w i n g  sect ions,  the l e v e l s  o f  NMHC and t h e  r a t i o s  o f  

NMHCIJHC f o r  these gas and dua l - fue l  engines w i l l  be evaluated a f t e r  t h e  

aPP' l icat ion of NO, c o n t r o l s .  These comparisons w i l l  show whether NMHC 

l e v e l s  respond d i f f e r e n t l y  t o  c o n t r o l s  than t o  JHC levels ,  and, t he re fo re ,  

whether any standards would have t o  be w r i t t e n  i n  terms o f  NMHC, 

C.4,2 The Effect o f  NOx Cont ro l  Techniques on THC and NMHC Levels  

F igures C-25 through C-30 i l l u s t r a t e  how the  a p p l i c a t i o n  o f  NOx 

c o n t r o l  techniques a f f e c t  THC and NMHC l e v e l s  from gas and d u a l - f u e l  engines. 

Note t h a t  data were repo r ted  f o r  both p i p e l i n e  engines and those t e s t e d  i n  

manuf a c t u r e r s l  l a b o r a t o r i e s .  I n  general, these f i g u r e s  show t h a t  de ra te  
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and a i r - t o - f u e l  r a t i o  changes cause THC emissions t o  increase, b u t  r e t a r d  

(R)l, e x t e r n a l  EGR, and manifold a i r  temperature (MAT) reduct ions do n o t  

change the  uncon t ro l l ed  THC. 

l e v e l s  remained about the  same percentage o f  THC as they were i n  t h e  

u n c o n t r o l l e d  engines. 

engines change i n  the  same p r o p o r t i o n  as do THC leve ls ,  o r  remain i n  t h e  same 

p r o p o r t i o n  (where THC remained unchanged) w i t h  the  a p p l i c a t i o n  o f  NOx 

c o n t r o l s .  

Furthermore, f o r  a l l  o f  these techniques, NMHC 

That i s ,  NMHC emissions from both gas and d u a l - f u e l  

F igure C-25 shows t h a t ,  i n  general, d e r a t i n g  caused THC t o  increase 

less than 50 percent, a1 though extreme amounts o f  derate (>25 percent)  caused 

u n c o n t r o l l e d  THC l e v e l s  t o  increase from 1 t o  3 g/hp-hr t o  2 t o  5 g/hp-hr. 

I n  one case, THC emissions increased from 5 t o  18 g/hp-hr f o r  an i n s t a l l e d  

p i p e l i n e  engine t h a t ,  poss ib ly ,  requ i red  maintenance. I n  a l l  cases, NMHC 

l e v e l s  ranged from 5 t o  25 percent o f  THC l e v e l s  and d i d  not change w i t h  

de ra t i ng .  The increases i n  THC l e v e l s  are probably r e l a t e d  t o  the  lower 

exhaust and peak temperatures o f  p a r t  load operat ion.  

S i m i l a r l y ,  F igure C-26 shows t h a t  increases i n  A/F cause moderate 

(101- t o  25-percent) increases i n  THC l e v e l s .  

was the exception; THC l e v e l s  increased 75 percent  from 11 t o  19 g/hp-hr, and 

may be r e l a t e d  t o  a worn c o n d i t i o n  o f  the engine r e q u i r i n g  maintenance ( 1  .e. , 
excessive blowby). Increases i n  A/F o f  gas engines t h a t  are already 

opera t i ng  lean tend t o  lower peak combustion temperatures and prevent  complete 

lcombustion. Consequently, HC emissions increase, al though no t  as r a p i d l y  as 

w i t h  decreases i n  A/F from r i c h  ( l e s s  than s t o i c h i o m e t r i c )  ope ra t i on  (see 

IFigure 4-29) .  Note t h a t  the r a t i o  o f  NMHC t o  THC remains e s s e n t i a l l y  

(constant w i t h  increases i n  A/F. 

One 2-TC i n s t a l l e d  gas engine 
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Figures C-27 through C-29 i n d i c a t e  t h a t  re ta rd ,  EGR, and MAT do no t  

cause THC o r  NMHC l e v e l s  t o  increase, 

combustion o f  the  a i r / f u e l  mix ture,  r e s u l t i n g  i n  h igher  exhaust temperatures 

which, combined w i t h  an excess o f  oxygen, e f f e c t i v e l y  ox id i zes  most 

remaining unburned f u e l .  The a p p l i c a t i o n  o f  t h i s  technique, however, causes 

f u e l  consumption t o  increase (see F igu re  4-27) 

The a p p l i c a t i o n  o f  r e t a r d  delays t h e  

I n  con t ras t  t o  re ta rd ,  EGR and MAT c o n t r o l s  u s u a l l y  cause no increase 

It f o l l o w s  t h a t  i f  complete combustion i s  mainta ined i n  f u e l  consumption. 

(evidenced by unchanged f u e l  consumption) HC emissions should remain low or  

unchanged. 

t rapped and then combusted dur ing  the  nex t  c y l i n d e r  f i r i n g .  The l i m i t e d  data 

f o r  EGR, i l l u s t r a t e d  i n  F igure  C-28, show t h a t  NMHC and THC l e v e l s  remain 

unchanged. 

With the  a p p l i c a t i o n  o f  EGR, unburned HC are r e c i r c u l a t e d  o r  

With the  reduc t ion  o f  man i fo ld  a i r  temperature, however, HC emissions 

can be expected t o  increase as the  r e a c t i o n  o f  t h i s  specie proceeds a t  a 

lower temperature, 

increase, b u t  less  than 25 percent  , w i t h  man i fo ld  temperature reduc t ions .  

Nevertheless,  the  l i m i t e d  data f o r  bo th  NMHC and THC l e v e l s  shown i n  F igu re  

C-29 i n d i c a t e  t h a t  these emissions remain unchanged. 

Data shown i n  F igu re  4-52 i n d i c a t e  t h a t  THC l e v e l s  

F igu re  C-30 shows how the  a p p l i c a t i o n  o f  combinations o f  c o n t r o l s  

a f fec ts  NMHC and THC emissions. 

should be noted t h a t  t h i s  data i s  l i m i t e d ,  represent ing  s i x  engines f rom two 

manufacturers. 

THC and NMHC emission t o  increase i n  the  same p ropor t i on .  

two 2-TC designs (one dual f u e l ,  t he  o ther  gas) i nd i ca ted  t h a t  NMHC emissions 

decreased (when THC l e v e l s  increased) w i t h  the  app l i ca t i ons  o f :  

The r e s u l t s  of t h i s  f i g u r e  are mixed. It 

For th ree  of the  s i x  engines shown, combined c o n t r o l s  cause 

However, data f o r  

(1) r e t a r d  

. -. 

r -. , 



and a i r - t o - f u e l  f o r  t h e  dual  f u e l  u n i t ,  and ( 2 )  EGR and derate f o r  t h e  gas 

engine. 

Opposing t h i s  r e s u l t  and o f  more concern, one 4-TC design showed t h a t  

NMHC emissions increased f rom 0 t o  0.2 g/hp-hr when THC emissions decreased 

from 5 t o  3 g/hp-hr w i t h  the  a p p l i c a t i o n  o f  r e t a r d  and MAT. Nevertheless, 

t h e  NMHC l e v e l  i s  small ,  represent ing  o n l y  5 percent  o f  t h e  THC l e v e l .  I t  

should a lso be noted tha t ,  despi te  precaut ions t o  avoid sample degradation, 

the  manufacturer o f  t h i s  engine experienced some incons is tenc ies  i n  

determin ing NMHC l e v e l s  ( i  .e., measured methane l e v e l s  exceeded THC l e v e l s ) .  

Therefore, the  f o l l o w i n g  sec t i on  w i l l  b r i e f l y  consider the procedures f o r  

measuring both NMHC and THC be fore  a recommendatjon concerning t h e  separate 

c o n t r o l  o f  NMHC emissions i s  presented i n  Sect ion C.4.4, 

L 4 . 3  Measurement P rac t i ces  for NMHC and THC Emissions 

The development o f  a separate standard f o r  NMHC emissions i s  l a r g e l y  

dependent on the demonstration o f  techniques f o r  de tec t i ng  NMHC d i r e c t l y ,  o r  

those which de tec t  NMHC emissions i n d i r e c t l y  by measuring methane and THC. 

The NMHC l e v e l  i s  then determined by the  d i f f e r e n c e  o f  the  two measured 

l e v e l s .  I t  should be noted t h a t  t h e  accuracy o f  i n d i r e c t  techniques depends 

on the  accurate determinat ion o f  both methane and THC l e v e l s .  

A t  t h e  present  t ime, the re  are  b a s i c a l l y  t h ree  methods ava i l ab le  f o r  

determin ing NMHC emissions, These a re ( l26 ) :  

e Gas Chromatographs (GC): Prov ide d i r e c t  measurement o f  methane by  

separat ion f rom o ther  hydrocarbons. 

i n d i r e c t l y  by sub t rac t i on  o f  methane f rom THC o r  d i r e c t l y  by 

measurement o f  remaining nonmethane hydrocarbons. 

measured d i r e c t l y ,  t h e  methane va lue i s  a l so  obta ined and can be 

NMHC measurement i s  obta ined 

When NMHC i s  

C-169 



subtracted from a THC measurement ( w i t h  FID)  as a check o f  t he  

NMHC measurement. 

0 Nondispersive I n f r a r e d  (NDIR) : Also prov ides d i r e c t  measurement 

o f  methane. NMHC measurement i s  obta ined i n d i r e c t l y  by subtrac- 

t i o n  of methane measurement f rom independent THC measurement. 

0 Se lec t i ve  Combustor (SC): Gives a d i r e c t  measurement o f  methane 

by s e l e c t i v e  combustion o f  a l l  nonmethane hydrocarbon, a l l ow ing  

measurement o f  t h e  remaining methane on a convent ional  THC 

analyzer such as a f lame i o n i z a t i o n  detector  ( F I D ) .  NMHC 

measurement i s  obtained i n d i r e c t l y  by s u b t r a c t i o n  o f  methane f rom 

THC. 

A l l  o f  these NMHC techniques use a convent ional  heated f lame i o n i z a t i o n  

de tec to r  ( F I D )  t o  make one measurement o f  e i t h e r  NMHC us ing  a GC, o r  THC 

us ing  a GC, NDIR, or  SC. 

Gas chromatographs are commercial ly a v a i l a b l e  and were used by 

Cooper(lz7) and S w R I  t o  r e p o r t  NMHC l e v e l s  f rom t h e i r  engines. 

however, cannot per form r e a l - t i m e  analys is  (cont inuous r a t h e r  than bag o r  

batch sampling), a c a p a b i l i t y  des i red by development engineers and present  i n  

o the r  major emission instruments (e.g., NOx, coy SOx analyzers) .  

add i t i on ,  t h i s  instrument requ i res  spec ia l i zed  t r a i n i n g  t o  operate and 

This  method, 

I n  

ma in ta in .  

S e l e c t i v e  combustors have o n l y  r e c e n t l y  become a v a i l a b l e  comnerc ia l ly .  

They are simple and inexpensive compared t o  a GC b u t  apparent ly r e q u i r e  more 

development. 

propane) are e l im ina ted  from the  t e s t  sample du r ing  t h e  s e l e c t i v e  removal o f  

a l l  NMHC emissions. This  r e s u l t s  i n  h ighe r  methane ( o r  smal ler  NMHC) l e v e l s  

than were a c t u a l l y  present.  

Th is  i s  because not  a l l  l i g h t e r  p a r a f f i n s  (e.g., ethane and 

C o l t  used t h i s  method t o  r e p o r t  NMHC l e v e l s  from 
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t h e l r  engines. However, no comparisons w i t h  GC data were a v a i l a b l e  t o  

determine i f  t h i s  e f f e c t  may have caused t h e  C o l t  NMHC data t o  be 

understated. 

The t h i r d  NMHC instrument,  t h e  NDIR, e x i s t s  as a p ro to type  and also 

requ i res  more development be fore  becoming a v a i l a b l e  commercially. 

Nevertheless, t h e  inst rument  has demonstrated accuracy and freedom f rom 

in ter<ference f o r  e i t h e r  batch o r  cont inuous sampling o f  methane emissions. It 

i s  also be l i eved  t h a t  it w i l l  r e q u i r e  g rea ter  maintenance than e x i s t i n g  

NDIRIs s ince i t  i s  more complex, 

It should be noted t h a t  F isher  and Goodwin(l28) supported t h e  

development o f  standards f o r  NMHCls. They noted, however, t h a t  a l though 

meztsuirements o f  NMHC l e v e l s  were feas ib le ,  s i g n i f i c a n t  t ime and expense would 

be requ i red  t o  adequately develop the  necessary inst ruments and procedures. 

Cooperative s tud ies  o f  the  SAE measurement method have a l so  

i n d i c a t e d  t h a t  f u t h e r  development o f  heated F I D ' s  i s  requ i red  t o  reduce 

meetsuirement u n c e r t a i n t i e s ( l 2 9 ) .  

coniparison o f  data f rom one d i e s e l  engine emission source measured dur ing  

round-robin t e s t s ,  The r e s u l t s  o f  t h i s  study showed t h a t  THC l e v e l s  va r ied  by 

10 percent  (on the  average) f o r  a g iven manufacturer and 22 percent  among 

mariuf ac tu rers .  

The most recent  study consis ted o f  a 

I t was concluded t h a t  f u r t h e r  development o f  t h i s  measurement 

method was necessary t o  reduce t h i s  sca t te r .  

The preceding d iscuss ion  i n d i c a t e s  t h a t  measurement methods f o r  NMHC 

haue r iot been adequately demonstrated a t  t h i s  t ime. I n  add i t ion ,  s tud ies  o f  

FIOI inst ruments i n d i c a t e  t h a t  considerable measurement u n c e r t a i n t y  can a r i s e  

f ra lm  these inst ruments even though an accepted p r a c t i c e  i s  fo l lowed.  
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C.4.4 Recomnendations for the Control o f  NMHC 

Based on the preceding results, it is recomnended that any control of 

NMHC levels be based on the measurement o f  THC levels. This can be supported 

by recognizing that: 

as THC levels with the application of NOx control techniques; and (2) 

monitoring NMHC levels accurately is considerably more difficult than for THC 

since gas chromatographs or physica’l conditioning o f  the sample i s  required. 

Therefore, if standards for hydrocarbons are deemed necessary, they should be 

(1) in general, NMHC levels change in the same manner 

based on the reduction of THC, rather than NMHC, levels. 
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C.5 DEVELOPMENT OF CONVERSION BSNO, TO NO, (ppm) CORRECTED TO 15 

A l l  emissions data i n  Alpendix C . l  had been repo r ted  i n  terms o f  

PERCENT 02 

brake s p e c i f i c  emissions, BSNO, (g/hp-hr) .  

percent  emissions reduc t i on  t o  t h e  sales weighted uncon t ro l l ed  emissions 

l e v e l s  ( s e c t i o n  4.3.4) r e s u l t s  i n  emission l i m i t s  having the  

braike-speci f ic  NO, format. 

se lec ted  f o r  the standard, a method must be der ived t o  convert  t he  BSNO, 

1 in i i  t s  t o  concentrat ion 1 i m i  t s ,  

C.5.1 Convert ing BSNO, t o  NO, Concentrat ion Format 

By d e f l n i t i o n ,  the vo lumet r i c  concentrat ion o f  NO, i n  t he  exhaust 

i s  simply the  volume of NO, d i v i d e d  by the t o t a l  exhaust volume. I f  the  

mass concentrat ion i s  known, d i v i d i n g  each ( t h e  mass o f  NO, and exhaust) 

by the respec t i ve  molecular weights w i l l  g i v e  the  vo lumet r i c  

concentrat ion.  This  may be e q u a l l y  done on a b rake -spec i f i c  basis,  

Therefore, s ince the molecular weight of NO, w i l l  be def ined equal t o  

NO2 ( 46) ,  t h e  vo lumetr ic  concentrat ion of NO, can be w r i t t e n  as 

I n  add i t i on ,  apply ing 

Since a concentrat ion format (ppm) has been 

n -  concen t ra t i on  Brake s p e c i f i c  exhaust gas, g/hp-hr 
molecular weight o f  exhaust gas 

Both b rake -spec i f i c  NO, l i m i t s  and the molecular weight o f  NO, 

#are known. 

w i g h t  o f  t h e  exhaust gas are i n  general n o t  ava i l ab le .  

s e t  emission l i m i t s  for each f u e l  type, t he  average r a t i o  of exhaust flow 

t o  exhaust gas molecular  weight must be determined. 

However, t h e  brake s p e c i f i c  exhaust gas f l o w  and t h e  modecular 

Furthermore, t o  

This may be done by 
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assuming p r o p e r t i e s  o f  the f u e l  and a reference 15 percent O2 

concen t ra t i on  i n  t h e  exhaust gas. 

determine the r a t i o  o f  exhaust gas f l o w  t o  exhaust gas modecular weight, 

us ing data o b t a i n  f rom a v a i l a b l e  b rake -spec i f i c  f u e l  consumption, 

The f o l l o w i n g  procedure has been usedto 
' 

For any hydrocarbon f u e l ,  the chemical r e a c t i o n  may be w r i t t e n  as: 

CxHy + Z 02 + 3.762 N2 f X C02 + y /2  H20 + (I - x - y /4 )  02 + 3.76 Np (2 )  

This i s  a genera l ized equation, i g n o r i n g  the  small concentrat ions o f  o the r  

c o n s t i t u e n t s  such as NOx, HC, CO etc.,  which are l ess  than 1.0 percent.  

The moles o f  exhaust gas produced per  mole of f u e l  burned i s  t h e r e f o r e  

[x+ y/2 + ( Z  - x - y /4 )  + 3.76 Z] ; and f o r  d r y  products water i s  removed 

leav ing  [x + ( 2  - x - y/4)  + 3.76 Z] moles o f  d ry  exhaust. Th is  reduces 

t o  c4.76 Z - y/4] t o t a l  moles o f  exhaust gas. The molecular weight o f  t he  

gas i s  t h e r e f o r e  the r a t i o  o f  each c o n s t i t u e n t  m u l t i p l i e d  by t h e  

respect  i ve c o n s t i t u e n t  mo lecu 1 a r  weight : 

Mexhaus 28 ( 3 )  - X Z - x .. ~ / 4 )  32 + 3.762 44 + ( - 
gas [4.761 - y /4 ]  [4.762 - y /4 ]  r4.762 - y/4] 

o r  
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reducing t o  

\ 

Sirice t h e  standard assumes a 15 percent oxygen concentrat ion i n  t h e  d r y  

exhaust gas, t h e  moles o f  a i r ,  ( Z ) ,  can be determined i n  terms o f  carbon 

and hydrogen i n  t h e  f u e l ,  ( x  and y), as f o l l o w s :  

; 

z - x - y/4 
4.762 - Y/4 

0.15 = 

0.7142 - 0.0375Y = Z - x - 0.25y 

x + 0.212w- Z =  
0.286 

Z = 3.5~ t 0 . 7 4 3 ~  

Therefore, by s u b s t i t u t i o n  i n t o  Equation ( 4 ) ,  

0 492x $. 94 
Mexhaust gas corrected, 15% o2 16s64x $. 3,:9y 

(7 )  
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The exhaust mass f l o w  must be determined next. Since the t o t a l  

mass f low remains constant, t he  mass o f  exhaust gases per mole o f  f u e l  

burned i s :  

h d ry  exhaust = f u e l  t a i r  - ii~ wate r  formed 

From equat ion (1) above, ( Z )  moles o f  a i r  are burned w i t h  each mole o f  

fue l ,  and (y /2)  moles o f  water are formed. By m u l t i p l y i n g  by the 

molecular weight o f  each, t he  mass f lows are as f o l l o w s :  

1 x ( 1 2 ~  t y )  f Z[32 + 3.76(28)] - (y /2) (18)  

S u b s t i t u t i n g  equat ion (5) again (assuming 15 percent oxygen i n  exhaust); 

' dry exhaust = (12x + y )  $. ( 3 . 5 ~  f 0 . 7 4 3 ) ( 3 2  + 3.76(28)) - (Y/2)(18) (10) mole f u e l  

k dry exhaust = 49zX + 94y 
mole f u e l  

D i v i d i n g  by the molecular weight o f  the f u e l  y i e l d s  the mass o f  exhaust 

gases per mass o f  f u e l ,  assuming 15 percent O2 i n  the exhaust stream 
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b dry exhaust 492x + 94Y 
i f u e l  12x t Y  

B y  m u l t i p l y i n g  t h i s  value by t h e  b rake -spec i f i c  f u e l  consumptlon (BSFC) 

t h e  b rake -spec l f l c  exhaust f l o w  i s  determined. 

6 d r y  exhaust BSFC (p-%s+q 

The r a t i o  o f  exhaust mass f low t o  exhaust gas molecular welght can 

now be determlned. From equat lon (13) and ( 7 ) :  

492x t 94y BSFC ( 12x + y ) 
(14) 

Brake s p e c l f i c  exhaust f l o w  
Molecular w t .  o f  exhaust gas 

This  reduces t o  

S u b s t i t u t i o n  i n t o  equat ion ( I )  and conver t ing t o  p a r t s  per  m i l l i o n  (ppm) 

gives:  
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BSNO, x lo6 
N0x15 

where NOxl5 is corrected to 15 percent O2 in the exhaust, 

To employ this equation, the values of x and y for the fuel must be 

known. 

substitution into equation (16). Thus, the following data for the fuel is 

required: 1) actual carbon and hydrogen makeup of the fuel C H or the 

hydrogen/carbon ratio ylx; and 2) the fuel lower heating value Btu/g, 

since most fuel consumptions are expressed in Btu/hp-hr. 

C,5.2 Determining Emission Limits 

In addition, BSFC must have the same units as BSNO, for 

X Y  

The above conversion method was used to establish emission limits 

in the following manner. 

C.l were used to generate plots of BSNO, and NOxl5 for each fuel 

type. These are shown in Figures C-31, C-32 and C-33. For diesel and 

dual-fuel engines, diesel fuel with a hydrogenlcarbon ratio o f  1.8 and a 

LHV of 18,320 Btu/lbm was assumed. 

of 20,000 Btu/lbm, and a hydrogen/carbon ratio of 3.5. 

was then determined through all points as shown on the figures. 

Once these best-fit lines were established, average BSFC 

corresponding to the lines were determined. These equal 7057 Btu/hp-hr 

for diesel, 7163 Btu/hp-hr for dual fuel, and 7609 Btu/hp-hr for gas 

engines. By averaging these values, an average BSFC of 7276 Btu/hp-hr was 
achieved, which represents an engine efficiency of 35 percent for all 

engines. 

First, equation (16) and the data in Appendix 

Natural gas was assumed to have a LHV 

The best fit line 

This average value was placed into equation (16) and by using 
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the l imits of 5 g/hp-hr for dual fuel ,  9 g/hp-hr for gas, and 7 g/hp-hr  

fo r  diesel, (and the above fuel properties) the following NO, 

1 imi ts  were determined: 

654 ppm for  gas 

518 ppm for  diesel 

370 ppm for  dual-fuel 

As a check of the val idi ty  of the conversion method, a l l  raw ppm 

emissioh 

r -  

versus BSNO, d a t a  was plotted (corrected t o  15 percent 02). By using 

equation ( l 6 ) ,  the average fuel consumption, and a mean value of the 

hydrogen/carbon r a t io  the average conversion curve was determined and i s  

shown in Figure C-34. The standard deviation (expressed in percent) 

between th i s  curve and the actual da t a  was found t o  be 10 percent. 
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C.6 STATISTICAL ANALYSIS FOR ALTERNATIVE EMISSION LIMITS 

In selecting the numerical emission l imits for each fuel type, i t  

was necessary t o  determine the tradeoffs associated w i t h  standards of 

performance based on each of the three alternatives of applying a 40 

percent NO, emissions reduction. Thus ,  a s t a t i s t i c a l  approach was 

considered the most logical approach. 
- 

The uncontrolled NOx emission from each engine fuel type were 

assumed t o  follow a theoretical normal distribution. Figures C-35, C-36, 

and C-37 i l l u s t r a t e  the theoretical normal distribution curves for diesel , 
dual-fuel , and gas engines, respectively. Note tha t  the curves have 

truncated ends a t  positive points on the axis as no engines emit 0 

g / h p - h r ,  

engine fuel type emitted up t o  a particular l imit .  

bisect the normal distribution were assumed t o  be the sales-weighted 

uncontrolled average NO, emission levels discussed i n  Section 4.3.4 and 

the standard deviations, for  each fuel type were assumed to  be equal t o  

the standard deviation calculated from the data base i n  Appendix C. 

i s ,  the standard deviation i s  not  sales weighted as no such information 

was available. If the standard deviation were calculated for increasingly 

large samples and increasing small class intervals,  i t s  value would be 

expected to  approach the theoretical s tandard deviation. The data 

tabulated i n  Appendix C was used t o  calculate sample standard deviations 

for  each fuel type: (1) Gas, a =  4 g / h p - h r ,  (2) Dual-fuel, a =  3.2 
g /hp-h r ,  and  (3) Diesel, 03.7 - g / h p - h r .  As i l lus t ra ted  i n  the  figures,  

about 68 percent o f  the engine population for a given fuel type will 

theoretically have an uncontrolled NOx emission level w i t h i n  plus or 

minus one standard deviation of the mean. 

The areas under each curve represent the population if each 

The mean values which 

That 
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Standards of performance based on each o f  t h e  th ree  a l t e r n a t i v e s  

were analyzed r e l a t i v e  t o  t h e  t h e o r e t i c a l  normal d i s t r i b u t i o n  curves t o  

determine: (1) t h e  percentage o f  t h e  engines t h a t  would have t o  reduce 

NO, emissions by  40 percent o r  l e s s  t o  meet the  standard; ( 2 )  t h e  

percentage o f  engines t h a t  would be requ i red  t o  do no th ing  t o  meet t h e  

standard; and (3) t h e  percentage o f  engines t h a t  would be requ i red  t o  

reduce NOx emissions by  more than 40 percent  t o  meet the  standard. 

r e s u l t s  are i l l u s t r a t e d  on each f i g u r e  and summarized i n  Table C-93. 

The 

As a check on the  accuracy o f  the  assumption o f  a normal 

d i s t r i b u t i o n ,  t h e  ac tua l  data base i n  Appendix C was analyzed r e l a t i v e  t o  

percentages o f  engines f o r  each a l t e r n a t i v e  determined f rom t h e  normal 

d i s t r i b u t i o n .  The r e s u l t s  are tab lua ted  i n  Table C-93 as t h e  numbers i n  

parentheses. The ac tua l  sample values show very  good agreement w i t h  the  

values determined by t h e  pure normal d i s t r i b u t i o n  approach. 

Thus, it can be concluded t h a t  the  assumption t h a t  t h e  uncon t ro l l ed  

NO, emission leve ls ,  f o r  a g iven f u e l  type, f o l l o w  a t h e r o e t i c a l  normal 

d i s t r i b u t i o n  curve i s  e s s e n t i a l l y  t r u e  and t h e  s t a t i s t i c a l  approach i s  

deemed t o  be a v a l i d  approach. 
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TABLE C-93. SUMMARY OF STATISTICAL ANALYSES OF ALTERNATE EMISSIONS LIMITS 

GAS ENGINES 

A1 ternative I I1 I11 

Standard 17 9 11 

Percent meeting standard 
with 540 percent control 99 (100) 50 (50)  84 (91)  

Percent required to do 
nothing to meet standard 69 (67)  

Percent required to apply 
40 percent control to 1 ( 0 )  50 (58) 16 ( 9 )  

DUAL-FUEL ENGINES 

Alternative I I1 I11 

Standard 9 5 7 

Percent meeting standard 
with 540 percent control 98 (100) 54 (44 )  87 (89)  

Percent required to do 
nothing to meet standard 62 (67) 18 ( 4 )  48 (44)  

Percent required to apply 
40 percent control to 2 ( 0 )  46 (56) 13 (11) 

DIESEL ENGINES 

Alternative I I1 I11 

Standard 11 7 9 

Percent meeting standard 
with 5 40 percent control 98 (100) 56 (63) 86 (90) 

Percent required to do 
nothing to meet standard 50 (65)  14 (18) 29 (45) 

Percent required to apply 
40 percent control to 2 (0 )  44 (37) 14 (10) 
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C.7 COMPARISON OF SMALL-BORE, AUTO ENGINE EMISSION CONTROL TECHNIQUES 
FOR LARGE BORE-STATIONARY IC ENGINES 

C.7.1 Introduction 

Dur ing  a review meeting w i t h  EPA i n  September 1977, several 

questions were raised concerning the application t o  large-bore stationary 

engines of control techniques t h a t  have been shown to be effect ive on 

automotive engines. 

reduction of NOx (which has been successfully used i n  Japan) and water 

induction ( the primary NOx control technique for stationary gas 

turbines) were n o t  al ternative controls for  stationary IL wgines. This 

memo briefly summarizes these three questions. 

In addition, questions were asked why ca ta ly t ic  

C.7.2.1 Comparison of Control Techniques for  Large-Bore Stationary 
and Automotive Engines 

Essentially the same NOx control techniques that  have been used 

by engine manufacturers t o  meet emission regulations for  mobile sources 

are also effective when applied t o  large-bore engines. These techniques 

include derating*, retarded i g n i t i o n  or fuel injection, manifold a i r  

cooling ( w i t h  turbocharging), air-to-fuel r a t i o  changes, and exhaust gas 

recirculation. O f  these controls, retard ( for  diesel or dual fuel 

engines) and air-to-fuel changes (for natural gas engines) are 

particularly effective when applied to large-bore engines. 

Nevertheless, inherent differences i n  the design and operating 

modes of large stationary and smaller, mobile engines have dictated 

*Derating i s  accomplished by u s i n g  a larger engine than necessary for a 
p a r t i  cul ar car. 
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different approaches to exhaust emission control. 

shows the effect of A/F ratio on exhaust emissions, can be used to 

illustrate this point. Typically, spark ignition automotive engines are 

operated at slightly less than stoichiometric A/F ratios. 

i s  largely dictated by the difficulty in closely controlling the A/F 

ratios to individual cylinders within these carbureted engines,, 

Therefore, A/F ratios must be maintained richer than stoichiometric to 

avoid detonation and misfiring. 

Figure C-38, which 

This operation 

With the advent of strict emision'regulations (primarily aimed at 

reducing HC and CO emissions), automotive manufacturers concentrated on 

inc:reasing the A/F ratio (e.g., "lean burn" engines), which, as 

IFiyure C-35 illustrates, decreases HC and CO emissions significantly and 

also improves fuel economy. 

(3s ,A/F ratios are increased beyond stoichiometric. 

regulations became even more stringent, additional controls were, 

therefore, required. These controls included exhaust gas recirculation 

(EGR) and returning to richer A/F ratios to reduce NO,. To compensate 

for the resulting increase in HC and CO emissions, oxidizing catalysts 

were added. These catalysts also enabled automobiles to reach the more 

stringent requirements for HC and GO that became mandatory in 1975. 

NOx emissions, however, increase initially 

As emission 

Improvements in carburetion and mixing were also effective in optimizing 

exhaust emissions over a range of loads and speeds. 

Lage bore engines, in contrast, typically operate leaner than 

stoichiometric. Consequently, as shown in Figure C-35, NO, emissions 
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r” 

are re la t ively h i g h ,  b u t  HC and CO emissions are now low*. 

operating conditions resu l t  from the need to optimize fuel consumption of 

large-bore engines because they see h i g h  usage, h i g h  load service. 

Therefore, the emphasis of exhaust emission control for large-bore engines 

i s  in reducing NOx emissions. Although the same types of combustion 

rnodif ications that  are effective i n  reducing NOx from automotive engines 

could be used on large stationary engines, the selection of optimum 

controls and the direction and degree of application of the selected 

controls is different  due t o  differences i n  uncontrolled A/F ratios and 

fuel charging methods. 

C.7.2.2 Catalytic Reduction 

These 

As of this  date no large-bore engine manufacturers are using 

catalysts t o  reduce NOx emissions. 

1977, have n o t  been used on gasoline or diesel vehicles e i ther .  The 

catalysts t h a t  have been and are s t i l l  currently i n  use on automobiles are 

primarily o x i d i z i n g  catalysts,  whose purpose i s  to lower HC and CO 

NOx reduction catalysts,  until 

loped for 

a1 

emissions. Recently, however, three-way catalysts have been dev 

the reduction of HC, CO,  and NOx emissions and the f i r s t  comerc 

application was for  a 1977 Volvo sold i n  California. (Three-way 

Conversion Catalysts -- Part o f  the New Emission Control System; SAE 

Paper, 770365). These three-way catalysts are’ similar t o  the ear l ie r  

oxidizing catalysts  (precious metals coated on monoliths or pe l le t s )  w i t h  

*The exceptions to this generalization are those large-bore engines which 
are natural ly  aspirated or carbureted; these units have emissions 
character is t ics  which are similar t o  automotive engines since they operate 
a t  A/F ra t ios  closer t o  stoichiometric, 

C-193 



the addition of rhodium which selectively reduces NO, when the A/F r a t i o  

i s  maintained very near stoichiometric. 

automotive exhausts b u t  not i n  the discharge from large bore engines. 

Therefore, t h i s  control approach shows l i t t l e  promise for large bore 

en g i nes . 

These conditions exis t  i n  

As discussed on page 4-139 of the SSEIS, however, an 

amnonia/catalyst NOx control system has been suggested i n  the l i t e ra ture  

and i s  based on the successful application of t h i s  technique t o  n i t r i c  

acid p l a n t  t a i l  gases and a number of large stationary combustion sources 

i n  Japan. An excellent discussion of technique i s  presented i n  a paper 

"Sta tus  of Flue Gas Treatment Technology for Control of NOx and 

Simultaneous Control of SOx and NO,", Mobley, J. David, and Stern, 

Richard D., U.S. Environmental Protection Agency, Report No. 

EPA-600/7-77-033~. This paper i s  an excellent review of th i s  technology, 

i t s  effectiveness, and i t s  costs. Based on information i n  this report i t  

would appear that  selective catalyt ic  reduction is a technically feasible  

approach fo r  gaseous fuel engines, b u t  the f o u l i n g  (par t iculate)  and 

catalyst-poisoning (sulfur)  problems associated w i t h  o i l  or coal 

combustion would require further development. Moreover, this approach 

appears t o  be very expensive. 

IC engines, the data indicate t h a t  annual ownership and operating costs 

would increase from between 3 t o  30 percent. These costs are based on 

sources that  are a t  least  an order of magnitude larger t h a n  a typical 

engine instal la t ion.  In addition, the costs of maintenance and catalyst  

replacement may be somewhat understated for  smaller sources, such as IC 

engines. Thus, i t  is probable tha t  the actual costs for an engine 

application would be even greater t h a n  these estimates. 

If the published costs are extrapolated for 
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A s i m i l a r  NOx reduc t i on  scheme has been developed by Exxon 

(Thermal Denox Process) f o r  NOx reduc t i on  f rom s t a t i o n a r y  b o i l e r s  and 

furnaces. 

l o c a t i o n s  where the  temperature exceeds 15OOOF. 

a p p l i c a t i o n  f o r  t h i s  process t o  I C  engine exhausts, however, s ince exhaust 

temperatures are genera l l y  l ess  than 1000°F. 

C.7.2.3 Water Induc t i on  

I n  t h i s  process, ammonia i s  i n j e c t e d  i n t o  the  f l u e  gas a t  

There appears t o  be no 

As discussed i n  the  SSEIS (Sect ion 4.4.7), water i nduc t i on  has been 

inves t i ga ted  by f o u r  l a r g e  bore engine manufacturers (White Super ior ,  

I r i ge rso l l  -Rand, Cooper, and GMC/Electromotive). A l l  r epo r ted  ser ious  

concern about the  f e a s i b i l i t y  of t h i s  technique based on observat ions o f  

water i n  the  crankcase and l u b r i c a t i n g  o i l ,  r a p i d  bu i ld -up  o f  minera l  

sca le  (un t rea ted  water)  around in take/exhaust  valves and o ther  components, 

and combustion deposi ts.  All of t h e  t e s t s  were of shor t  du ra t i on  ( l e s s  

than 25 hours o f  engine operat ion) ,  and manufacturers b e l i e v e  much longer  

tersts (2000 t o  8000 hours) would be necessary t o  e s t a b l i s h  the  e f f e c t  o f  

water i nduct i on on wear r a t e s  and opera t ing  r e  1 i ab i 1 i ty. 

I n  a d d i t i o n  t o  these manufacturers, two smal ler  bore engine 

manufacturers, GMC/Detroit D iese l  and Caterp i  11 ar, have repor ted  t e s t s  o f  

water i nduc t i on  i n  t r u c k - s i z e  d iese l  engines. 

technique i s  v i a b l e  i f  the  water i s  t rea ted  f o r  f reeze p r o t e c t i o n  and 

rnirieral content.  C a t e r p i l l a r  t e s t s  showed s i g n i f i c a n t  deposi ts,  bu t  they  

concluded these cou ld  be prevented by deminera l i z ing  the  water. 

GMC:/Detroit D iese l  a lso  experienced s i g n i f i c a n t  deposi ts  and concluded 

thalt these deposi ts  o r i g i n a t e d  f rom condensation o f  combustion products  

r a t h e r  than water minera ls .  Based on t h e i r  exprience, GMC/Detroit D iese l  

concluded t h a t  water i nduc t i on  was no t  f e a s i b l e  i n  t h e i r  2-s t roke designs. 

C a t e r p i l l a r  be l i eves  the  
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C.8 Determination of Sales-Weighted Average Uncontrolled CO and HC 
Emi  ss i ons 

Since the source of variability caused by engine design cannot be 

specifically identified, a procedure i s  required t o  characterize uncon- 

trolled CO and HC emissions levels of engines w h i c h  are sold for simi- 

lar  applications. 

The procedure adopted here i s  to  compute a weighted, average 

uncontrolled emission level for engines i n  the diesel, dual-fuel, or 

natural  gas categories. The three weighted levels are based on sales 

of engtvie horsepower during the past five years for domestic appl ica-  

tions. Sales o f  horsepower t o  standby services were excluded from this 

computation, since engines s o l d  for standby appl ications.wil1 be exempted 

from standards o f  performance (see Chapter 9) .  

The sales-weighted averages for diesel , dual-fuel,  and natural gas 

engines are presented i n  Figures C-39(a-f), w h i c h  also show each 

manufacturer's CO and HCt da t a .  

level for diesel engines is  2.9 g /hp -h r ;  for dual-fuel units, 2.7 g/hp- 

The weighted average uncontrolled CO 

hr; and for natural  gas engines, 7.7 g/hp-hr .  The weighted average 

uncontrolled H C t  level for diesel engines i s  0.3 g/hp-hr; for dual-fuel 

units, 2.8 g/hp-hr; and for natural'gas engines, 1.8 g/hp-hr. 
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GLOSSARY 

a f t e r c o o l  e r  

a i  r - c o o l  ed 

a i r  I n j e c t i o n  

-- a hea t  exchanger used t o  cool  i n l e t  a i r  t h a t  has 
passed through a turbocharger.  A l so  r e f e r r e d  t o  as 
an i n t e r c o o l e r  (see F igu re  4-32) e 

-- a method o f  engine cool ing, o f t e n  used on smal l  
engines, A i r  i s  sucked o r  f o r c e d  over t h e  engine (by 
an engi ne-dr i ven f a n )  t r a n s f  e r r i  ng heat f ran  the 
engine block.  F ins  are genera l l y  used t o  conduct heat 
away from the combustion chambers and increase t h e  
area a v a i l a b l e  f o r  heat t r a n s f e r .  

-- an emission c o n t r o l  technique i n  which a i r  i s  pumped 
( i n j e c t e d )  i n t o  t h e  exhaust m a n i f o l d  t o  complete the  
r e a c t i o n  o f  any unburned f u e l  and GO which i s  s t i l l  
present.  

a i r - t o - f u e l  r a t i o  

annu,al i z e d  cos t  

-- a r a t i o  o f  the mass f l o w r a t e  (g /hr )  o f  a i r  i n t o  an 

-- i n i t i a l  costs, o r  t h e  sum of i n i t i a l  and opera t i ng  

engine t o  t h e  mass f l o w r a t e  o f  f u e l  (g /h r ) .  

c o s t s s  expressed as an annual charge. 

basel oad -- continuous operation, g e n e r a l l y  considered t o  be 8000 
hr/yr, 

BDC -- see bottom dead center.  

b l w e r  scavenging -- a method o f  charging t h e  c y l i n d e r  o f  an engine wi th  
a i r  i n  which a low-pressure blower d r i ven  by the  
engine f o r c e s  a i r  i n t o  t h e  c y l i n d e r .  

bora -- the diameter o f  the c y l i n d e r  o f  an engine. 

bottm dead center -- p o s i t i o n  o f  t h e  p i s t o n  when i t  i s  a t  t h e  b o t t a n  o f  t h e  
cy1 inder;  corresponds t o  maximum avai 1 ab le gas volume. 

brake horsepower 
( b t v )  

-- the  power de l i ve red  by t h e  engine s h a f t  a t  t h e  o u t p u t  
end. The name i s  der ived from the f a c t  t h a t  i t  was 
f i r s t  measured by the  power consumed i n  a brake 
at tached t o  the  output  sha f t .  Brake horsepower equals 
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t o t a l  power d e l i v e r e d  by t h e  p i s tons  l e s s  losses and 
power used t o  d r i v e  a u x i l i a r i e s  (fan, pumps, e t c . ) .  

brake mean -- the hypo the t i ca l  constant pressure t h a t  would have 
e f f  e c t i  ve pressure t o  be exe r ted  on t h e  head o f  t he  p i s t o n  d u r i n g  t h e  
(bmep) e n t i r e  s t roke  t o  generate the  same torque as i s  

a c t u a l l y  generated by t h e  engine, Hence, f r e q u e n t l y  
used synonynously w i t h  torque. 

i.e., m i s s i o n s  g/hp-hr. 

I 

brake spec i f  i c -- emissions expressed on the  bas is  o f  power output,  

car bur e t  o r  -- a device on a spark i g n i t i o n  engine which c o n t r o l s  t h e  
f l o w r a t e  o f  a i r  and f u e l  and mixes them i n  t h e  proper 
p r o p o r t i o n s  f o r  combustion. 

c a t a l y t i c  conver ter  -- a device which uses a c a t a l y s t  t o  Dromote a r e a c t i o n  

Cetane number 

chemi 1 urn nescent 
an a1 yzer  

compress on 
i g n i t i o n  (CI)  

compression r a t i o  
( W  

connect ing r o d  

continuous r a t i n g  

c o o l i n g  system 

t h a t  a l t e r s  t h e  chemical c G p o s i t i o n  o f  t h e  gas 
passing through i t . 
CO and HC t o  CO2 and H20 us ing  a Precious metal  
c a t a l y s t ,  such as plat inum. Reduct ion c a t a l y s t s  are 
used t o  reduce NO t o  N2 and 02. 

f u e l s .  Higher numbers i n d i c a t e  b e t t e r  i g n i t a b i l i t y  
and b e t t e r  a n t i  knock c h a r a c t e r i s t i c s .  

Ox ida t i on  type conver ters  change 

-- a reference number f o r  compression i g n i t i o n  engine 

-- a device used t o  measure NOx emissions. 

-- one o f  two methods o f  i n i t i a t i n g  combustion i n  t h e  
engine c y l i n d e r .  I n  G I  engines, the a i r  charge i s  
i ntroduced i n t o  t h e  cy1 i nder and compressed, the re  by 
r a i s i n g  i t s  temperature above t h e  a u t o - i g n i t i o n  
temperature o f  t h e  f u e l  (temperature a t  which t h e  fue l  
i g n i t e s  spontaneously). Fuel i s  then i n j e c t e d  i n t o  
t h i s  hot  compressed a i r  and i g n i t e s  spontaneously. 
A l l  d i ese l  and dual f u e l  engines are compression 
i gni ted.  

-- r a t i o  of the volume i n  the  combustion chamber when 
t h e  p i s t o n  i s  a t  t he  bottom o f  t h e  s t r o k e  t o  t h a t  when 
t h e  p i s t o n  i s  a t  the top. 

-- a r o d  which connects t h e  p i s t o n  t o  t h e  crankshaf t  and 
permi ts  the r e c i p r o c a t i n g  mot ion o f  the p i s t o n  t o  be 
t r a n s f e r r e d  t o  r o t a r y  mot ion by t h e  crankshaft .  

-- see r a t i n g .  

-- t h e  system by which combustion heat i s  removed f r o m  
engine block.  T h i s  system may c o n s i s t  o f  a water 
j a c k e t  through which a l i q u i d  i s  c i r c u l a t e d  t o  remove 
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cost  e f f  e c t l  veness 

crmkcase blowby 

w a n  ks haf t 

crude 

ey1 I nder 1 i ner 

den 1 trif i cat  I on 

der a t  i ng 

des u l  f u r  i za t  i on 

t l l  glester gas 

ddrcect i n j e c t i o n  

d i  spl acement 

(11 s t i  11 a t e  

t l r i  bb l  e 

d r y  

heat from the englne and a r a d i a t o r ,  c o o l l n g  tower, or 
heat recovery system t o  remove t h e  heat from t h e  
l i q u i d  be fo re  I t  I s  r e c i r c u l a t e d  through t h e  water - 

j a c k e t .  I t  may also cons is t  o f  f i n s  t o  conduct heat-* 
away from the combustion chambers and a f a n  t o  move 
a i r  past  these f i n s  t o  remove t h e  heat from them (see 
t lair-cooledit) , 

-- r a t i o  o f  t h e  cos t  t o  reduce a p o l l u t a n t  from an englne 
t o  the  moun t  o f  p o l l u t a n t  removed ($/kg), - - 

-9 unburned f u e l ,  combustlon gases, and l u b r l c a t l n g  o i l  
which escape from the c y l i n d e r  past  the p i s t o n  r l n g s  
I n t o  t h e  crankcase and are then vented. 

-9  the s h a f t  t h a t  receives englne power from the 
r e c i p r o c a t i n g  mot ion o f  the p ls tons and d e l i v e r s  It as 
r o t a r y  motion, 

-0  unre f i ned  o i  1 , 

-- a s t e e l  l i n e r  I n s e r t e d  i n t o  the c y l i n d e r .  I t  can be 
removed and rep laced a f t e r  excesslve wear. 

-- the removal o f  n i t rogen  from f u e l  du r ing  r e f i n i n g .  
Some removal occurs concur ren t l y  w i t h  s u l f u r  removal, 

-- a c o n t r o l  technique which l i m i t s  the maximum load  o f  
an engine t o  l ess  then  t h e  design value, 

-- the removal o f  s u l f u r  frm f u e l .  Th i s  occurs du r lng  
t h e  r e f i n i n g  o f  crude o i l  i n t o  l i g h t  d i s t i l l a t e s  and 
gasol ine.  

-- f u e l  gas formed from sewage sludge. Pr imary 
cons t i t uen ts  are CH4 (methane), C02, and He. 

-- t h e  i n j e c t i o n  o f  f u e l  d i r e c t l y  i n t o  t h e  c y l i n d e r .  

-- the volume a p i s t o n  sweeps out moving from the bottom 
of t he  c y l i n d e r  bottom dead center, BDC) t o  t h e  t o p  
o f  the c y l i n d e r  t o p  dead center, TDC). 

-- a product o f  t h e  r e f i n i n g  o f  crude o i l .  The most 
common d i s t i l l a t e s  are No. 2 d i e s e l  011 and gasol ine.  

-- t h e  loss o f  f u e l  from the i n j e c t o r  t i p  a f t e r  f u e l  
i n j e c t i o n ,  

-- r e f e r s  t o  gas measurements made under cond i t i ons  where 
water has been removed from the gas be fo re  the  
measure i s  made. Also gas measurements which have been 
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- .  

dur  abi 1 

e x haust 
- recircu 

( E G R T  

exhaust manif ol  d 

f i e ld  gathering 

flame ionization 
detector (FID) 

fo s s i l  steam 

four-stroke 

fuel additive 

f ue 1 -bound 
nitrogen 

fuel pump 

governor 

heavy duty mobi l e  

higher heating 
Val ue 

mathematically adjusted t o  be equivalent t o  measure-. 
ments made on water-free gas. 

-- the ab i l i t y  of an engine t o  operate throughout  a 
normal service l i f e  without excessive wear or f a i lu re  
of  engine components. 

-- an emission control remote technique whereby a portion 
of the exhaust gases are retained i n  the cy1 inder 
internal EGR or are routed back t o  the engine intake 
external EGR t o  displace some of the in l e t  a i r .  

-- an internal ly  ducted casting which receives exhaust 
products from the cy1 inders and t ransfers  these 
products t o  the exhaust systems (see Figure 4-47). 

-- collection of oi l  or natural gas at  the surface of a 
well (the well-head) into the pipes (feeder l ines)  
which  carry i t  to  the major pipelines. 

-- an analytical instrument used t o  measure HC emissions. 

-- steam for  e lec t r ic  u t i l i t y  power generation produced 
from the combustion of coal, o i l ,  or natural gas. 

-- a type of engine which requires four traverses o f  the  
piston i n  the cylinder (two revolutions o f  the 
crankshaft) per power stroke ( i , e . ,  to complete a 
cycle). 

-- a substance added t o  fue l ,  usually t o  reduce smoke 
from an engine. 

-- nitrogen contained i n  the fuel rather than i n  the a i r .  

-- device which pumps fuel t o  the fuel injection system 
or carburetor. 

-- device which controls the amount of fuel supplied t o  
the cylinder according t o  the load demand on the 

., a governor is  used t o  maintain a given 
speed engines  (rpm “ S  under varying load i n  e l ec t r i c  generator 
appl i cations, 

-- a term referr in  t o  vehicles over 6000-lbs gross 
vehicle weight 9 total  weight when vehicle i s  f u l l y  
loaded) subject t o  federal emission standards. 

-- the heat produced by the complete combustion of a 
u n i t  quantity of  fuel ( a t  standard conditions of 
temperature, pressure, and humidity) such tha t  the 
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hoirs epower 

water in the products of combustion i s  i n  the l i q u i d  
phase. 

-- the time r a t e  of doing work. One U . S .  horsepower i s  
equal t o  33,000 foot-pounds per minute. (One U.S. 
horsepower equals 1.014 metric horsepower.) 

indirect  injection -- the  injection of fuel into a precombustion chamber, or  - 

antechamber, where combustion commences i n  an oxygen 
deficient environment before expanding i n t o  t he  
cylinder for  completion of the combustion i n  the 
presence of excess oxygen (see Figure 4-42). 

i nii t i  #a1 cost -- the purchase price o f  the engine, including a l l  
auxi l iar ies  necessary f o r  i t s  operation (e.g. ,  
radiator ,  lube o i l  pump, aftercooler, s tar t ing motor, 
mounting s k i d ,  e tc . ) .  

i n j c t i o n  r a t e  -- the r a t e  at which fuel i s  introduced i n t o  the cylinder 
by the injector.  

injection t i m i n g  -- the time, measured i n  degrees of crankshaft rotation, 
t ha t  i t  takes f o r  fuel to  be admitted i n t o  the  
cylinder. S t a r t  of injection ( i n  degrees before TDC) 
i s  an important parameter i n  emissions control. 

i n j ect or -- device which injects fuel i n t o  the cylinder (see 
F i gure 4-55). 

injector rack -- a mechanical linkage controlled by the governor which 
determines the pressure of the fuel supplied by the 
fuel pump t o  the fuel injector.  

intake manifold . -- internal ly  ducted casting tha t  dis t r ibutes  incoming 
a i r  or a i r  and fuel mixture into the cylinders (see 
Figure 4-32). 

intercooler -- see aftercooler. 

i ntermi t tan t  rating -- see rating. 

jacket water -- engine cooling water that  circulates from a cooling 
tower or radiator through cavities (or jackets)  i n  the 
engi ne bl  ock. 

knock -- premature i g n i t i o n  of fuel i n  cylinder of an engine. 

1 ean -- refers t o  an a i r  and fuel mixture which contains more 
a i r  than stc’chianetrically nececcery t o  completely 
burn  a l l  the fuel .  
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low sac nozzle 
injector 

-- a fuel injector w i t h  a mlnlmm of volume beneath 
the i njector nottl e, thus reducin i njector dri bble 
and H C  emissions (see Figure 4-55 4 a 

lower heating value -- the heat produced by the complete combustion of a u n i t  
quantity of fuel ( a t  standard conditions of 
water in  the products of combustion I s  in the vapor 
phase, 

F temperature, pressure, and humidity) such t h a t  the 

major over haul -- an overhaul whlch generally includes removal and 
rep1 acment (a r  reconditioning) of the cy1 i nder 
l iners ,  pistons, rings, valves, fuel pump, and 
crankshaft. The engine i s  frequently removed from the 
ins ta l la t ion  t o  perform this overhaul. 

manifold air 
temperature cooling temperature. Usually accomplished w i  t h  an intercooler 
(MAT) (see Figure 4-32). 

maxi mum ra t  i ng 

-- a control technique based on lowering the  intake a i r  

-- see rating. 

mi nor overhaul -0  an overhaul which generaly includes replacing 
rings, valves, injectors or spark p lugs ,  and 
occasionally pistons. This overhaul is usually 
performed without removing the engine from i t s  
instal la t ion and a t  more frequent intervals than major 
overhauls. 

naturally aspirated -- a type of a i r  charging whereby the piston draws a i r  
I n t o  the cyllnder as i t  t ravels  t o  the bottom of the 
cyllnder, Not turbocharged, supercharged, or blower- 
s caven ge d * 

nondispersi ve 
i nf rar ed an a1 yzer 
( N D I R )  

nonpropul si  ve 

-- an instrument used t o  measure CO-and C02, 

-- an appllcatlon where the engine i s  never used t o  move 
the structure or device on which it i s  mounted, 

nuc 1 ear steam -- steam (usually f o r  e lec t r i c  generation) produced by 
heat from nuclear reactions, 

operational change -- a change i n  engine operation which requires only an 
adjustment of given operating conditions b u t  no 
hardware additions -- e , g a ,  ignition t i m l n g ,  

original equipnent -- a firm which, i n  t h i s  case, buys an engine from an 
manufacturer (OEM) engine manufacturer and incorporates i t  into a product 

of which the engine i s  only a component -- e.g,, a 
portable compressor, which is usual ly assembled by an 
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o ve r ha u 1 

o x i  ldat i on 

p a r m a g n e t i  c 
an all yzer 

peak cy1 i nder 
temperature 

p i l o t  o i l  

p i s t o n  crown 

p ' is ton r i n g  

p o r t s  

OEM us ing  h i s  own housing and compressor bu t  a 
purchased en g i  ne. 

-- the replacement o f  worn p a r t s  i n  an engine, u s u a l l y  
c l a s s i f i e d  as e i t h e r  a minor o r  major overhaul depending 
upon how many, and which, p a r t s  are replaced. (See 
m i  nor and major overhaul .  ) 

-- when used i n  t h i s  document, o x i d a t i o n  r e f e r s  t o  t h e  
a d d i t i o n  of oxygen t o  a molecule by a chemical 
reac t i on ,  as when GO combines w i t h  oxygen t o  form C02. 

. (The more general d e f i n i t i o n  i s  t h e  l oss  o f  e l e c t r o n s  
by  a reac tan t  i n  a chemical react ion. )  

exhaust; 
-- an i n s t r u n e n t  used t o  measure oxygen content o f  

-- t h e  maximun temperature i n  t h e  c y l i n d e r  d u r i n g  combus- 
ti on. 

-- a small amount ( 4 0  percent by hea t ing  value) o f  
d i e s e l  f u e l  i n j e c t e d  near the  end o f  the compression 
s t r o k e  o f  a dua l - fue l  engine t o  i g n i t e  t h e  gaseous 
f u e l .  

-- t h e  upper su r face  o f  t h e  p i s t o n .  

-- a t h i n  r i n g  o f  metal which f i t s  i n t o  a groove i n  t h e  
p i s t o n .  P i s t o n  r i n g s  seal  t he  Combustion volune by  
f i l l i n g  t h e  gap between the  p i s t o n  and t h e  l i n e r .  

-- openings i n  t h e  c y l i n d e r  l i n e r  through which a i r  and 
f u e l  enter  t he  c y l i n d e r  and/or combustion gases leave 
i t .  Used i n  two-st roke engines. 

precombustion -- see i n d i r e c t  i n j e c t i o n .  
chamber 

physi  ca l  change -- a hardware change t o  an engine (as opposed t o  an 
opera t i ona l  change). 

quenching -- the c o o l i n g  below the combustion p o i n t  o f  f u e l  which 
has impinged on t h e  w a l l s  o f  t h e  c y l i n d e r .  

r a t  i rig -- brake horsepower output o f  the engine. 
. 

Reported 
e i t h e r  as continuous (power t h a t  engine can d e l i v e r  
cont inuously) ,  i n t e r m i  t t a n t  (power t h a t  engine can 
d e l i v e r  i n t e r m i t t a n t l y ,  u s u a l l y  f o r  no more than 1 
hour du r ing  a consecutive 2-hour per iod) ,  or maximun 
(peak power than engi iit: chi  de7 i ver ) . Continuous 
r a t i n g s  are used i n  t h i s  document. 
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r e a c t  i v i  ty 
(photochemi c a l  ) 

-- p o t e n t i a l  o f  a hydrocarbon compound t o  r e a c t  wi th  
o the r  species i n  t h e  atmosphere t o  produce smog. 

reduc t  i on -- when used i n  t h i s  document, reduc t i on  r e f e r s  t o  the 
removal o f  oxygen from a molecule by a chemical 
reac t i on ,  as when NO i s  reduced t o  N2 and 02 i n  t h e  
presence o f  a c a t a l y s t .  
i s  the g a i n  o f  e lec t rons  by a r e a c t a n t  i n  a chemical 
reac t i on .  ) 

(The more general d e f i n i t i o n  

residence t i m e  -- the t i m e  i n t e r v a l  a f t e r  i g n i t i o n  du r ing  which t h e  
a i r - f u e l  m ix tu re  can burn a t  e levated temperature and 
pressure. 

r e s i d u a l  

r e t a r d  

r i c h  

sac 

s c r u  bber 

-- a heavy viscous o i l ,  o f t e n  con ta in ing  l a r g e  amounts o f  
s u l f u r  (>I percent  by volume), which remains a f t e r  
d i s t i l l a t i o n  t o  produce o the r  f u e l s .  

-- a NO, c o n t r o l  technique wherein i n i t i o n  o f  the f u e l  
i s  delayed by  de lay ing  t h e  spark ? S I  engines) o r  t h e  
s t a r t  o f  f u e l  i n j e c t i o n  (CI engines) by severa l  
degrees o f  crankshaf t  r o t a t i o n .  

-- r e f e r s  t o  an a i r  and f u e l  m i x t u r e  which conta ins l e s s  
oxygen than i s  s t o i c h i o m e t r i c a l l y  necessary t o  
complete ly  burn a l l  the f u e l .  

_ -  

-- r o t a t i o n s  per  minute; a measure o f  t h e  engine 
crankshaf t  r o t a t i o n a l  speed. 

-- t h e  small  volume below t h e  nozz le o f  an i n j e c t o r  (see 
-. F igu re  4-55). 

-- a device which removes a p o l l u t a n t  from an exhaust gas 
stream through absorpt ion o f  the p o l l u t a n t  by t h e  
scrubber 1 i q u i  d. 

smo ke -- v i s i b l e  emissions from an engine exhaust. - 

spark i g n i t i o n  ( S I )  -- one o f  two methods o f  i n i t i a t i n g  combustion i n  t h e  
engine c y l i n d e r s  (see a l so  compression i g n i t i o n ) .  I n  
S I  engines, an e l e c t r i c a l  spark i s  generated across a 
gap between two e lect rodes a t  the t i p  o f  the spark 
p l u g  t o  i g n i t e  t h e  f u e l - a i r  m ix tu re .  A l l  gasol ine and 
n a t u r a l  gas f u e l e d  engines are spark i g n i t e d .  

spark t i m i n g  

squish l i p  

-- t h e  degrees of  crankshaf t  r o t a t i o n  before t o p  dead 
center (TDC) a t  which the  spark commences. 

-- r e f e r s  t o  a c a v i t y  shape i n  t h e  p i s t o n  head which 
generates squish, or  r a d i  a1 l y  outward mot ion o f  the 
a i r - f u e l  m ix tu re .  Combustion i s  i n i t i a t e d  i n  t h i s  
c a v i t y .  

6-8 



standby 

s t a t i o n a r y  

s t e i  ch i  ometri  c 

s t r l a t i f  i e d  charge 

s; t r o  ke 

swi r.1 

TDC 

thermal e f  f i c i  ency 

thermal f i xat  i on 

thermal reac to r  

t o p  dead center  

torque 

turbocharger  

two- s t roke  

- -- a l i m i t e d  usage service,  t y p i c a l l y  200 h r / y r  o r  l e s s  
(e.g., emergency e l e c t r i c a l  generators).  

-- an a p p l i c a t i o n  i n  which t h e  engine i s  never used t o  
propel  t h e  s t r u c t u r e  or  device on which i t  i s  mounted. 

-- r e f e r s  t o  the chemical ly  c o r r e c t  amount o f  a i r  
(oxygen) t o  completely burn a given amount o f  - f u e l .  

-- the staged combustion o f  f u e l ,  f i r s t  p a r t i a l l y  under 
r i c h  condi t ions,  and completely l a t e r  at  cooled 
temperatures i n  the presence o f  excess a i r  (see 
F igures 4-44(a) and 4-44(b)) ,  

-- the v e r t i c a l  d istance t h a t  the p i s t o n  t r a v e l s  between 
t h e  bottom and t h e  t o p  of t he  c y l i n d e r .  A l s o  t h e  
movement o f  the p i s t o n  between these po in ts .  

-- r o t a t i o n a l  motion of  t h e  a i r  or  a i r - f u e l  m i x t u r e  i n  
the c y l i n d e r .  Used m a i n l y  t o  enhance a i r - f u e l  mixing. 
C a n  be low, medium, or  h igh  s w i r l  depending on r a t i o  
of r o t a t i o n a l  speed t o  average p i s t o n  speed. 

-- see t o p  dead center.  

- -  r a t i o  o f  the engine energy output  t o  the energy i n p u t  
based on t h e  lower hea t ing  value o f  t h e  f u e l  used. 

-- the f c r m a t i o n  of NOx by r e a c t i o n  o f  n i t rogen  i n  t h e  
i n l e t  a i r  w i t h  oxygen du r ing  the  combustion process. 

-- a device which combines a i r  w i t h  t h e  unburned f u e l  and 
CO i n  t h e  exhaust t o  promote f u r t h e r  combustion o f  
these gases, thereby reducing HC and CO emission. 

-- p o s i t i o n  o f  the p i s t o n  when i t  i s  a t  t o p  o f  t h e  
cy1 inder; corresponds t o  minimum avai 1 ab le gas volume. 

-- a movement ( the  product of  a f o r c e  and a l e v e r  arm) 
which produces r o t a t i o n ,  

-- a device which uses a c e n t r i f u g a l  compressor t o  
The increase t h e  pressure o f  the incoming a i r .  

compressor i s  powered by an exhaust gas d r i ven  
t u r b i n e .  
e f f i c i e n c y  o f  t h e  engine (see F igu re  4-32). 

I t  i s  used t o  increase the  power output  and 

-- a t ype  of engine which requ i res  two t raverses o f  the 
p i s t o n  i n  the  c y l i n d e r  (one r e v o l u t i o n  o f  t h e  
c ranksha f t )  per  power s t roke  ( i . e , ,  t o  complete a 
c y c l e ) .  
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- 

- valve 

_- 
Val ve camshaft 

valve ovG1ap 

vol a t  i 1 i t y  

wet 

-- a device which opens i n t o  the cylinder t o  abnit  a i r  or 
air and fuel mixture or t o  exhaust combustion 
products. 

-- a shaf t  driven off the crankshaft h a v i n g  eccentric 
lobes which open the intake and exhaust valves a t  the 
proper time. 

dur ing  which the intake and exhaust valve are b o t h  
open. 

-- the interval,  i n  degrees of crankshaft ro t a t ion ,  

-- a measure of the a b i l i t y  of a fuel t o  evaporate a t  a 
given temperature. 

-- refers  t o  the existence of water vapor i n  an exhaust 
gas sample from water of combustion and water 
contained i n  the intake air. 
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